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Abstract 
 
 Lucerne (Medicago sativa L.) is a high value perennial forage legume. It is deep-tap rooted, has 
high water use efficiency and is tolerant of drier environments. It produces high quantity and 
quality dry matter (DM). Yet, there was a lack of data on the impacts of using increasing 
amounts of N or other fertilisers or lime on nodulation, N fixation and N balances of dryland 
lucerne. 
 
A field experiment was conducted for more than one cropping year (Sep 2012-Nov 2013) on an 
established dryland lucerne stand at Lincoln University, Canterbury, NZ. The experiment 
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consisted of six main treatment plots: control (0 lime/fertiliser),  pelleted agricultural  lime (L),  
S, and P (single superphosphate) + S (PS), L + S (LS) and L + S  + P (LPS). The plots were split 
into subplots with one half receiving  0N and the other +N (urea, 46% N), resulting in 12 
treatments, with four replicates in a split plot randomised complete block design. The rates used 
were 6000 kg L/ha, 128 kg S/ha (half as gypsum 8% S and the other half as elemental-90% S)  
and 50 kg P/ha. The main treatments were applied once at the start, while N fertiliser was applied 
after each harvest (cut-and-carry system) according to the N off-takes of the herbage. The 
cumulative N fertiliser applied was 813 kg N/ha/yr over six applications. The DM yields, N off-
takes, N fixation and minerlaisable N were measured at each of the six sequential harvests. Two 
of these data sets were from spring 2012 and 2013 harvests. Annual parameters were obtained by 
omitting the 2012 spring data sets. Annual N balances and economic values of the extra DM 
yields from the +N plots were calculated.  
 
The main treatments did not affect the measured parameters, or the herbage regrowth at each 
harvest. Yet, they were affected strongly by the N fertiliser treatments in combination with the 
time of herbage regrowth. The cumulative mean yields were 27-30 and 23-25 t DM/ha/yr 
(P<0.001) for the +N and the 0N subplots, respectively.  The  annual DM yields, herbage N 
concentrations and N uptakes were higher on the +N plots compared with the 0N plots. N 
fixation and soil mineralisable N status were highest on the 0N plots. However, the %N 
concentrations and herbage palatability decreased with increasing DM yields. This was because 
these stands were harvested at 40-80 cm tall comapared with usual grazing heights of 25-40 cm.  
Cumulative mean fixed N were 467-501 and 390-440 kg N/ha/yr (P<0.001) for 0N and +N 
subplots, respectively. This was equivalent to 20-23 kg N/t DM on the 0N plots and 15-16 kg N/t 
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DM for +N plots. Soil mineralisable N was depleted by 57% and 50% on the +N and 0N plots, 
respectively over the experimental period. 
 
Nitrogen balance calculations revealed that annual N fertiliser use efficiency of lucerne was 
38%, resulting in 62% of the applied urea N being unaccounted for. This N was likely lost to 
either volatilisation or soil N leaching and immobilisation. N fertiliser application reduced N 
fixation by 81 kg N/ha/yr (15%). This indicates that lucerne strongly prefered fixed N rather than 
urea or soil N. Further research is required to confirm this result.  Further studies quantifying N 
loss via the different N loss pathways are also required. The mean overall fertiliser N response 
ratio was low (5:1) and a gross margin deficit of $118 ha/yr was calculated. The use of increased 
amounts of P, S and lime on dryland lucerne was also unjustified for this lucerne stand. 
 
Key words: alfalfa, dryland lucerne, DM yields, fertiliser, nitrogen, phosphorus, sulphur, lime, N 
fixation, N balance and economics, N losses and environment  
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Chapter 1: Introduction 
Lucerne, also known as alfalfa (Medicago sativa L.), plays a critical role in the viability and 
profitability of New Zeland (NZ) dryland farming systems (Avery et al., 2008) and other dryland 
environments around the globe. It is a high quantity and quality producing  forage legume that is 
drought and salinity tolerant and can fix high amounts of atmospheric N. Brown and Moot 
(2004) reported a highest yield range of 15-28 t DM/ha/yr under both dryland and irrigated fields 
of lucerne grown on the Canterbury plains of NZ. Comparatively, yields up to 40 t DM/ha/yr 
were seen under irrigated fields of hot dry environments in Saudi Arabia (Hussain, 1978).  The 
DM has high crude protein (CP) contents. Brown and Moot (2004) reported 3.3-6.3 t CP/ha/yr 
intake from lucerne for grazing live stock, but varies depending on DM yields. Such high quality 
feed is important in fattening livestock for meat and milk production for farm profitability and to 
feed the world’s growing populations. In terms of N fixation, Cameron (1992) reviewed that 
lucerne fixes around 125-600 kg N/ha/yr. This cheaply enhances soil fertility and crop 
productivity. Lucerne has a deep tap-root, which leads to characteristic deep soil water use 
efficiency (Moot et al., 2008) and is an insurance against summer dry or drought prone farms of 
NZ. As such, these farms may be ‘drought-proofed’ by growing lucerne (Avery et al., 2008). 
 
However, lucerne is prone to low soil pH levels (<5.5) and excessive soil moisture. The legume’s 
productivity in NZ depends on these two factors and Moot et al. (2003) report seasonal 
differences in grazing and agronomic management practices. Since the 1960s, agronomic 
research has been concentrated on increasing lime rates (300-8000 kg/ha) and fertiliser use to 
improve lucerne production under both irrigated and dryland fields (Langer, 1973; Musgrave, 1982; 
Askin, 1990; Cameron & Condron, 1996; Moir & Moot, 2010.).  Nevertheless, there is a lack of data 
on whether increasing the amount of fertiliser and lime can economically improve the 
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productivity of dryland lucerne and how these impact on nodulation and N fixation. 
Substitutional effects of N fertiliser on the N fixation of grass/clover stands from Palmerston 
North were reported by Scott (1973). However, little if any literature exists on the N fixation and 
N balances of lucerne stand on NZ soils. 
 
The objective of this study was to determine the effects of N, P and S fertilisers and lime on the 
N fixation and N balance of dryland lucerne. The hypothesis tested was that increasing the soil 
fertility status (N, P, S, and pH) or combinations thereof, affects the yield, N fixation and N 
balance of an established dryland lucerne (Medicago sativa L.) stand. 
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Chapter 2: Literature review 
 
 
2. 1 Introduction 
 
 
Lucerne, or alfalfa (Medicago sativa L.), is a high value perennial legume, capable of high yields 
and producing high quality forage for grazing animals. It is said to originate from the arid 
regions of Iran, historically known as the Mesopotamian plains in the Near East or Central Asia. 
It was cultivated as forage since the 5,000 BC (Muller et al.,  2003). It is a deep tap-rooted 
perennial legume that tolerates dryland environments and thus, withstands drought.  Irwin et al. 
(2001) noted that the crop was introduced into the Asian and Mediterranean regions through the 
Roman Empire and then with the Moors. Later, it spread into the other lucerne growing regions 
of the globe, including NZ.  Hussain (1978) explains that lucerne has become one of the most 
adaptable and widely grown forage crop species over the centuries under continual breeding and 
selection programs, with more than 32 million ha planted worldwide. The crop thrives under 
various environmental conditions and yields up to 40 t DM/ha annually under the irrigated fields 
of hot dry environments like Saudi Arabia, since lucerne is tolerant of heat and salinity (Hussain, 
1978).  
 
Based on the literature reviews of Janson (1982) and Douglas (1986), lucerne could have been 
introduced to NZ in the 1800s, probably between the 1830s and 1840s. The exact date of its 
introduction is unclear, but it was brought by European settlers.  By 1975, the area covered by 
lucerne reached a peak of 220, 000 ha. The spread was largely related to a series of dry seasons 
and lucerne’s resistant to pests like grass grub (Costelytra zealandica) and black beetles 
(Heteronychus arator), coupled with subsidies from the NZ Government for lucerne 
establishment. However, it declined since then as a result of pests (e.g. Sitona weevil, Sitona 
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discoideus), diseases (e.g. Crown rot, Colletotrichum trifolii), and management issues, coupled 
with high soil moisture incidents resulting from prolonged wet seasons over a series of years 
(Dunbier et al., 1982). They further stated that the lucerne subsidy was withdrawn on the 31st of 
May 1979, which could have contributed to the decline. The decline was to 116,000 ha by the 
year 1985 (Douglas et al., 1987). Consequently, lucerne lost its potential of becoming popular 
among the wider farming communities of NZ, compared with other legume pasture species like 
white clover (Langer, 1990). Recently, lucerne mangement stratergies have been put in place to 
combat the issues in question and interest of pastoral famers in NZ have increased (Moot, 2014). 
He stated that pest and disease tolerant lucerne species have been introduced to combat their 
incidents on lucerne. Pastoral farmers have also been trained to grow lucerne to feed livestock 
and as an insurance against drought in relation to the current trend of climate change. He further 
explained that extension tools like internet blogs have been created by Lincoln University since 
2012 to address common questions on lucerne management where on average, 900 visits are 
made per month. Of which, around 400 visitors are from NZ alone, while people from other 
countries like Australia and USA also visit the blog. However, soil conditions, especilally soil 
pH and nutrient levels that limit lucerne productivity on the dryland soils of NZ also need 
attention.  
 
2.2 The importance and value of lucerne in NZ grazed systems 
 
 
Despite these limitations and the decline in popularity, the stand life of a well-established lucerne 
stand in NZ was estimated to be 8-9 years, (Dunbier et al., 1982). Thus, the legume continues to 
play a significant role in NZ pastoral ecosystems. It is valued in dryland systems: to reduce the 
need for nitrogen fertiliser, for quality and quantity of DM yield, and to reduce irrigation costs as 
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it tolerates dry conditions with high spring water use efficiency (WUE), and adding resilience to 
current trends of climate change. 
 
2.2.1 Symbiotic N fixation  
 
 
Brady and Weil (1999) explain that legumes in association with nitrifying bacteria convert 
atmospheric N2 in their root nodules into organic N compounds, particularly proteins and amino 
acids, which are available for all forms of life via the N cycle (Figure 2.1.). This occurs in their 
symbiotic relationships with free-living bacteria, especially the Rhizobium and Bradyrhizobium 
genera. Vance and Graham (1995) add that utilization of symbiotically fixed N accounts for 65% 
of the total N used in the agriculture sectors across the globe. Brady and Weil (1999) add that 
terrestrial legumes fix approximately 139 million tons of N yearly, which is about twice as much 
as is industrially manufactured. Being a leguminous plant species, lucerne forms a symbiotic 
relationship with rhizobia bacteria, particularly Ensifer meliloti (Wigley, 2011) to fix 
atmospheric N2 in their root nodules. The fixed N is then made available into the soil for further 
mineralisation and plant uptake. This N fixation process is critical to the lucerne plant itself and 
to supply N to companion grasses, and to improve soil N for following crops. However, Wigley 
(2011) and Langer (1973) state that Ensifer meliloti bacteria, is not naturally present in the soils 
of NZ, and thus, inoculation is required on virgin soils. 
 
 
 
 
 
 
 
6 
 
Fig. 2.1 The nitrogen cycle (adapted from Cameron, 1992) 
 
2.2.1.1 Formation of nodules and the symbiotic relationship  
 
This project does not look at how nodules are formed, but it is necessary to appreciate this 
complex process. Once the correct strain of the rhizobium bacteria (e.g. Ensifer meliloti) is 
present in the soil, they infect the root hairs of the lucerne to form the nodules and establish a 
symbiotic relationship between them and the legumes. Brady and Weil (1999) and Van Kammen 
(1995) state that the free-living microbes infect the root hairs and cortical cells of the plants to 
form nodules where they live and fix N. Van Kammen (1995) further explain that the legume 
roots secrete a certain organic compound (flavonoid), which activates the bacterial nodD gene. 
This gene further produces a transcriptional activator for the expression of other nod genes. 
These genes are then responsible for synthesizing organic nitrile compounds (mono-N-acylated 
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chitin oligomers) known as Nod factors. Finally, these Nod factors work as the signaling 
molecules [lipo-oligosaccharides (LOS)] to trigger nodulation in the legume root hairs. All 
rhizobium bacteria synthesize the same family of LOS. Yet, host specific nod genes specify the 
modification of the Nod factors to become plant specific. Hence, the mutual relationships 
between the legumes and the bacteria are said to be established once the nodules are formed as 
such. The legumes are then responsible for supplying the microbes with starch needed for their 
energy to fix N. Meanwhile, the microbes in return feed the plants with the fixed protein 
compounds. In some relationships, the microbe may supply the plant with 90% of the NH3, 
which it produces (Cameron, 1992). The important enzyme, which enables the N fixation in 
nodules, is the nitrogenase. 
 
2.2.1.2 Nitrogenase 
 
Nitrogenase enzyme consists of two complex bonds of protein (Figure 2.2.). Brady and Weil 
(1999) explain that one bond being small in size is comprised of iron (Fe). It supplies the 
electrons needed for N fixation. The other bond is larger in size, consists of molybdenum (Mo) 
(M-sites) and Fe with some clusters of Fe-sulphur (P-site), which catalyses the fixation or 
reduction of N2 into NH3 and H2. Then it is further converted into protein compounds. The N2 
enters then exits as reduced NH3 and H2 via the M-site. The P-site receives the electrons supplied 
by the smaller bond to reduce N2 gas. Brady and Weil (1999) add that the legumes need adequate 
amounts of Mo, Fe, and P as they are the core constituents of the nitrogenase, which catalyses 
the N fixation process as illustrated by the following equation. 
 
N2 + 6e¯ + 6H+    2NH3   (from Cameron, 1992) 
Nitrogenase enzyme 
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Fig. 2.2 The schematic representation of the nitrogenase complex that involves in capturing N2 and fixing it 
into N containing organic compounds in the nodules of legumes (adapted from Brady & Weil, 1999) 
 
2.2.1.3 Quantity of N fixed and their dollar values 
 
Once the symbiotic relationship is established, Phillips (1980) suggests that lucerne fixes around 
300 kg N/ha annually. However, Cameron (1992) reviewed from earlier studies that the amount 
of N fixed by lucerne alone can range from 125-600 kg N/ha annually, compared with other 
pastoral legumes like clovers, which fix around 100-200 kg N/ha/year. This implies that lucerne 
can fix 2-3 times more N against other legumes under favorable conditions (e.g. soil pH >5.5). 
However, the amount of N fixed may differ from one location to another depending on the 
biophysical constraints like temperature and soil pH. The amount of N fixed can also be 
proportional to the amount of herbage a particular legume produces. Hence, Cuttle et al. (2003) 
report that lucerne can fix about 22-25 kg of N/ha in the soil for every ton of herbage DM it 
produces in NZ soils. This is similar to values reported for other perennial legumes-white and 
sub clovers (Lucas et al., 2010). If these amounts of N fixed per annum are converted into 
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monetary values according to the current increasing fertiliser costs, then it can mean millions of 
dollars per annum. For example, Brown and Green (2003) state that the amount of N fixed by 
lucerne and other legumes in the drylands of the South Island in NZ alone is worth 
approximately NZ$210 million per annum.  Meanwhile, the nationwide fixation of N by white 
clover, lucerne and other legume pastures in NZ is worth around NZ$1 billion annually 
(Valentine & Mathew, 1999). Nitrogen fixation therefore saves money for the pastoral farmers 
on N fertiliser sources. Thus, the amount of N fixed by legumes is important to maintain soil 
fertility at a low cost, improve income packages for farmers and food security (Figure 2.3). In 
NZ, most of the research on quantifying N fixation rates was based on clover species, especially 
white clover. Therefore, this study focuses on lucerne. 
 
2.2.2 Dry matter quality 
  
 
Lucerne and other legumes not only fix N, but they also yield high quality DM. Compared with 
crude protein (CP) contents of DM of grass pastures (130-170 g CP/kg DM), legume biomasses 
often contain 180-300 g CP/kg DM , which is in excess of animal requirements (Dewhurst et al.,  
2009). Brown and Moot (2004) compared irrigated lucerne forage N content utilisation by 
livestock with biomasses from monocultures of chicory and red clover. They found that the 
utilised portion of the lucerne swards provided 30% greater CP and metabolisable energy than 
the other species. The CP depends on the amounts of N in the DM of a legume and the N 
contents of lucerne forages are also high. Mills and Moot (2010)  discovered that dryland lucerne 
herbage accumulated up to 510 kg N/ha annually in an experiment conducted at Lincoln 
University, Canterbury, NZ. This was almost three times higher than any of the grass based 
pasture species like the perennial ryegrass/white clover, which accumulated only around 151 kg 
N/ha DM yearly. Even higher N containing lucerne biomasses (250 – 500 kg N ha-1) have been 
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recorded under irrigated lucerne stand (Simpson, 1976).    
 
Fig. 2.3 Diagrammatic representation of the N fixing plants, inexpensively improving soil fertility under both 
pastoral and arable farming systems, ultimately leading to improved household  and national income and 
food security 
 
High N or crude protein content of the biomass is important because it maximises DM yields and 
water use efficiency in the pastoral sector that underpin the economy of NZ. Over 90% of the 
dairy products are exported. McKinsey and Co. (2000), as cited in Gillingham et al., (2003a), 
state that the livestock industry is expected to grow by 4% annually to be economically viable 
and competitive in the world market. Thus, dairy farming has expanded markedly over the last 
11 years and will soon occupy most of the land previously occupied by sheep and beef farms, 
including the hill country. It is in this context that lucerne including the other legumes contribute 
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N naturally and cheaply for fattening livestock to generate income in NZ. The world population 
is also increasing at 0.4% annually and is predicted to reach around 9.15 billion by the year 2050 
(Edmeades et al., 2010). Therefore, high protein containing forages such as lucerne are important 
in such scenarios, to fatten animals to meet the demands on meat and milk products exerted by 
the growing population. Furthermore, the legumes if rotated with other pastoral grasses also 
results in high soil fertility maintenance at low costs, and quality and quantity pasture yields. 
Ultimately, this leads to high quality meat and milk products when such rotationally produced 
biomasses are fed to pastoral animals. For instance, Andrews et al. (2007) revealed after 
reviewing several studies that DM and milk produced from a ryegrass/white clover (RG-WC) 
mix pasture without fertiliser input, equalises  a RG-WC  receiving 200 kg/ha of N fertiliser 
annually. They further state that white clover could stabilise about 20% of the DM and fix 
approximately 100 kg N/ha.  
 
Arable farmers also benefit from the N fixed by legumes and their high quality forages. For 
example, in the Papua New Guinea highlands (PNGh), subsistence farmers take advantage of N 
fixed by peanuts (Arachis hypogae) in crop rotations. That is, they plant sweet potato (Ipomea 
batatas) and other vegetable crops like corn (Zea mays) and bulb onions after peanuts. Taraken 
(2011, in press) recorded mean corn yields of 30-32 t/ha on plots mulched with legume fallow 
biomasses compared with 27 t/ha from the control grass fallow plots in the PNGh. Therefore, the 
high crude or N containing DM of lucerne and its fixed N if utilised in such arable practises 
would result in similar benefits. This would ultimately result in improved household and world 
food security and income generations at low costs. Moreover, in NZ, the cultivation of legumes 
and their rotation or intercropping with pastoral grass crops are quite common. This is because 
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its farming systems are focused on livestock products for income generations whereas PNGh, or 
PNG as a nation is subsistence food crop based. 
2.2.3 Lucerne as a dryland pasture 
 
Having originated from the arid regions of Iran, lucerne is well-known for its 1-5 m deep tap root 
systems. Hence, can tolerate summer dry environments like South Island drylands of NZ, where 
many other legumes would not persist. In addition, the mountainous landforms of NZ play a 
major role on the daily weather patterns. Moot et al. (2009) state that rain shadows formed by the 
Southern Alps cause strong rainfall gradients from the west to the east. White (1999) explains 
that these mountains stretch out from southwest to northwest in the direct path of air masses 
movement eastwards, resulting in wetter western areas while eastern parts become drier on both 
North and South Islands. Thus, Salinger (2003) states that mean potential soil moisture deficit in 
the eastern parts of the South Island are around 325 mm having a substantial soil moisture deficit 
of up to 100 mm during summer months in 70% of the years. Lucerne has the potential to service 
the dryland pastoral farmers of  these areas as it thrives under low rainfall. Douglas et al. (1987) 
state that lucerne produces well in an annual rainfall range of 300-800 mm, thus surviving well 
in dryland environments. Brown and Green (2003) report that about 11% of NZ’s total land area 
falls under this category; it starts from the east coast of Hawke’s Bay in the North Island down to 
East Otago in the South Island.  
 
Brown and Green (2003), further add that there are also pockets of drylands like Central Otago 
and South Canterbury where the benefits of lucerne can be realised. Hence, lucerne yielded 
around  18-21 t DM/ha under dryland conditions, which was 30-50% greater than chicory or red 
clover (Brown et al., 2005).  Douglas (1986) adds that dryland lucerne has an average production 
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advantage of 43% over grass pastures while irrigated lucerne will produce only 20% more 
against grass pasture. Brown et al. (2005) observed in their study in the Canterbury Plains that 
lucerne had superior persistence in botanical composition under both dryland and irrigated fields 
over other pastures. Its persistence was 94% (dryland) and 55% (irrigated) of the swards in the 
sixth year, whilst 61% (dryland) and 55% (irrigated) for chicory and 0% for red clover. The 
maximum yield they obtained under irrigation was around 28 t DM/ha. This was around 30% 
greater than chicory or red clover. The yield advantage of irrigated lucerne came from greater 
cool season growth. That was 15 and 10-30 kg DM/ha daily for higher growth rates in September 
and from March-May, respectively. 
  
Yields differ from one location to another under both dryland and irrigated field conditions. 
Douglas et al. (1987) state that irrigation reduces the viability of lucerne stands. They observed a 
typical scenario of this in the Maniototo where an irrigated lucerne stand produced between 8.9 
and 16.1 t DM/ha annually over a 6 year period. However, the stand was short lived due to 
intolerance of high soil moisture conditions. They add that depending on rainfall, the annual 
yield of dryland lucerne differs considerably from one year to another under varying 
environmental conditions. From their reviews, Dunbier et al. (1982) stated that in the dryland 
deep soils of Lincoln, lucerne out yielded ryegrass/white clover stands by 38% DM during 
summer and autumn, while it out yielded other pastures by 50-100% on light soils at Ashley 
Dene during spring and summer rainfall periods. Berks (1955) in his attempts to encourage 
British farming communities to grow lucerne stated that the crop deserved a much greater 
recognition because either lucerne alone or in combination with grass, was an insurance against 
drought as it was tolerant of lighter dryland soils. The relative unimportance of lucerne in Britain 
despite its qualities was due largely to ignorance of the basic principles for establishing and 
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managing lucerne or lucerne-grass stands. He further added that although lucerne was believed to 
be productive only on light soils with a low rainfall, its success was also observed under a wide 
variety of soils and rainfall conditions. This message for the British farming society around six 
decades ago is also timely for today under the temperate dryland conditions of NZ or elsewhere 
under similar conditions. 
 
2.2.3.1 Water use efficiency of lucerne  
 
 
When soil moisture becomes limited with decreasing rainfall in dryland environments, it is 
important to grow plants that have the capability to utilise the available amount of water more 
efficiently. Moot et al. (2008) defined water use efficiency (WUE) on a yearly basis as the ratio 
of total DM accumulation to total water input to the system. According to their studies, Kerr et 
al. (1973) and Fitzgerald et al. (1977) thought that lucerne was an inefficient user of available 
water because of its stomatal resistance to water transpiration. Yet, such characteristics are quite 
common in desert plants like cacti to preserve water in their body against transpiration loss. 
Thus, lucerne being of arid region origin could have possessed such a trait in stomatal resistance 
against transpiration to preserve water in its tissues for its metabolic processes.  Meanwhile, 
Evans (1977) states that lucerne’s WUE depends largely on its deep-rooted systems in drawing 
water from deeper soil profiles rather than efficient utilization of water by the plant itself.  
 
In contrast, later studies have proven that lucerne is an efficient user of available water, and thus, 
capable of surviving in dryland environments. The canopy architecture of lucerne has a vertical 
distribution at the top of each stem and horizontal layers further down which results in high 
radiation use efficiency, and thus maximises WUE in dryland environments compared with other 
pastoral legumes like white clover (Brown et al., 2006).  Moot et al. (2008) add that lucerne sets 
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its tap roots to a depth of up to 5 m, which allows greater access to water and nutrients than most 
other temperate pasture plants and it also uses each unit of water more efficiently, particularly in 
spring. Thus, they found that lucerne had a WUE of 40 kg DM/ha/mm compared with perennial 
ryegrass at 18 kg DM/ha/mm in a silt loam soil.  Brown et al. (2005) in their experiment on 
lucerne over 5 years (1997-2002) reported 21 t DM/ha in lowland Canterbury. This yield was 
observed during the first full year of production. Therefore, if established correctly, lucerne has 
the potential to survive and be productive under dryland conditions and could substantially 
increase the potential productivity of dryland farms. 
 
2.2.3.2 Climate change and benefits of lucerne 
 
 
The persisting characteristics of tolerating higher soil moisture deficits and the N fixation ability 
of lucerne are not only important for areas with harsher conditions, they are also important under 
the current changing climatic conditions. Taraken (2012) states that the climate change in 
relation to global warming has started to affect every form and style of life in PNG, including the 
other Pacific Island nations and the world. He adds that its effects have strengthened the El Nino 
(drought) and La Nina (extremely wet) events of the equatorial Pacific. Consequently, PNG has 
started experiencing at least one either mild or severe drought or extreme wet event every 3-5 
years since the 1990s, although such extreme events were experienced once every 15-20 years in 
the recent past.  New Zealand is no exception to this phenomenon where it is prone to prolonged 
severe drought events along with its seasonal summer droughts. One such event was experienced 
between 1985 and 1988 (Brown & Green, 2003). The other one was observed in 1998/9 (Avery 
et al., 2008), when PNG also experienced its severe drought (1997/8) which lasted for almost 
nine months, and resulted in a severe food shortage (Taraken, 2012).  
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Meanwhile, the event caused a decline in the ryegrass/white clover based pasture production 
leading to a drop in sheep and beef production in the drier east coast of NZ (Avery et al., 2008). 
Such extreme events have pushed agricultural advisers to encourage pastoral farmers to cultivate 
lucerne as an alternative to ryegrass/white clover. Lucerne is therefore a key strategy for NZ 
farmers as an insurance against drought events under the current changing climatic conditions 
where the temperatures are predicted to rise over the next century. La Paz (2011) stated that the 
world temperatures have been rising steadily for the last 60 years and have started accelerating 
since 1979 and are on the course to rise a further 3.5-4 °C in the next hundred years. 
Consequently, NZ’s mean surface temperatures have increased by 0.7 °C since 1871 (Folland et 
al., 2003). Wigley (2011) suggests that lucerne would become increasingly important to dryland 
pastoral farmers as climate change starts to affect pasture production. She further concludes, 
based on literature that dryland lucerne can yield around 23 t DM/ha, and yields range between 
0.7 and 9.6 t DM/ha on lowland Canterbury loess or gravel soils.  
 
2.3 Factors affecting dryland lucerne productivity in NZ 
 
Climate and soil conditions determine the productivity of a lucerne crop in addition to 
management practices.  
 
2.3.1 Factors affecting dryland lucerne establishment and growth 
 
In NZ, the temperate climate determines the productivity of lucerne and other legumes, including 
their establishment and management practices. Wynn-Williams (1982) states that seeds are 
mostly sown in spring (Sep-Nov) and early summer (Dec). He further states based on his reviews 
that spring sown lucerne stands are more successful in terms of germination, establishment, 
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nodulation and yield, compared with those sown in summer or autumn. That is because average 
soil moisture (15-24.1%) and temperature (13.6-25.3 °C) ranges are at their optimum for seed 
germination and establishment. In contrast, soil moisture tends to be lower while the temperature 
is higher during summer and autumn. The relationships between sowing date, establishment or N 
fixation rate and DM yields of lucerne stands may differ between soil types.  Hence, Wynn-
Williams (1982) concluded that sowing should be in September for light textured soils, whilst 
seeds can be sown in October or November for more moisture retentive soils.  
 
Khumalo (2012) concluded from his lucerne project on a deep Wakanui silt loam soils at Lincoln 
University that in all sowing dates between October 2010-December 2011, seed treated with 
peat, lime coating, and ALCOS® granules gave no differences in total DM yields and nodulation 
compared with the bare seed control. Thus, he recommended further research to verify what soil 
mineral N levels inhibit N fixation, and to quantify N fixing abilities of dominant rhizobial 
strains found in lucerne nodules. Furthermore, Lanyon and Griffith (1988) state that cool 
temperatures slow down the release and diffusion of nutrients in the soil, resulting in lower 
absorption and translocation in plants. Similarly, prolonged drought conditions etiolate the plant 
if there is insufficient water during seeding, germination or seedling stages. Thus, plants may not 
recover growth even when favourable conditions of moisture are available. Therefore, care must 
be taken during establishment stages to ensure there is adequate soil moisture to get the crop 
established. Lucerne can withstand dry conditions once it is well-established. 
 
Moreover, dryland forages and pastures achieve peak growth rates in spring, but they decline 
during summer (Dec-Feb) under hot temperature and dry soil moisture conditions. The plants 
then recharge underground reserves during shortening days in autumn (Mar-May) in preparation 
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for winter (Moot et al., 2003).  The pattern of lucerne growth can differ from traditional pastures. 
An example of this is in Figure 2.4, where lucerne and ryegrass/white clover (RG-WC) mix were 
grown under irrigated field conditions on high fertility soils. The production and productivity of 
all pastures followed a similar trend, which reflects changes in soil moisture and temperatures in 
relation to the four distinct seasons. Lucerne did not grow in the cold and wet conditions of 
winter, but there was some growth from RG-WC. McKenzie et al. (1988) state that cold winter 
periods may weaken lucerne, while it can change its characteristics during the fall hardening 
period, allowing it to tolerate chilling temperatures as low as -20 °C, once it adapts to prevailing 
environmental conditions. O'Connor (1967) added, based on his review, that lucerne-grass 
mixtures were likely to out-yield pure lucerne significantly only where the grass could give 
additional production in the winter when the lucerne was dormant. Figure 2.4 shows lucerne 
increased markedly in daily DM yield during spring and peaked at 104 kg DM/day in mid-
summer before the summer dry condition. Meanwhile, RG-WC accumulated around 10 kg 
DM/day during winter and also reached a peak of around 70-80 kg DM/day during mid-summer 
before it started to decline. The higher DM accumulation by lucerne in summer indicates the 
advantage of lucerne in surviving summer dry environments compared with RG-WC. However, 
there are feed deficits during winter and late autumn so other feed sources are required. White 
(1982) states that such feed deficits in winter or late autumn create by lucerne or other pastures 
provide opportunities for feed budgeting and efficient use of supplementary feeds like silage or 
hay (see Section 2.4.3).  
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Fig. 2.4 The general production and productivity trends of lucerne and RG-WC pastures in response to the 
fluctuation of soil moisture and temperatures during the four distinct seasons of NZ (data from Brown et al., 
2000) 
 
2.3.2 Soil conditions limiting lucerne production in NZ drylands 
 
 
Soil pH and nutrients, particularly low phosphorus (P), sulphur (S) and nitrogen (N) levels are 
soil factors that may have a major influence on growth, yield and N fixation of lucerne in the 
dryland areas. Lucerne also requires K, particularly in cut-and-carry systems because it is a 
natrophobe so has a high K/Na ratio in leaves, leading to a high removal of K. Mo is also needed 
for adequate nodulation and productivity. Moir and Moot (2010) state that although lucerne is an 
ideal candidate for dryland pastoral areas, it is intolerant of low pH, relating to aluminium (Al) 
toxicity, coupled with low P and S levels in soils. Douglas (1986) adds that horizontal root 
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orientation becomes obvious in soil horizons in the presence of exchangeable Al rather than 
vertical development. Both low and high levels of N in soils may also affect the productivity of 
dryland lucerne, though it may depend entirely on its own fixed N. The effects of these factors 
need further investigation under NZ dryland conditions for setting clear guidelines in improving 
the productivity of dryland lucerne. This study will focus on the application of macro nutrients at 
increased rates. 
 
2.3.2.1 Effects of soil pH and liming on dryland lucerne productivity 
 
Adequate nutrients are available for lucerne at a pH range of 5.5-7.5. This is also the range where 
adequate mineralization and microbial activities occur. Soil fertility levels, physical, chemical 
and biological activities start to decline at levels below or above this pH range, which may have 
detrimental effects on plant growth.  At lower or higher pH, some nutrients (N, P, K, Ca, S, Mg 
& B) become less available to plants, and potentially toxic elements including aluminium (Al) 
and manganese (Mn) increase in concentration or become soluble, and affect plant growth 
(Brady & Weill, 1999; Lanyon & Griffith, 1988; Moir & Moot, 2010). McKenzie (2003) 
specifies that adequate plant growth and N fixation are achieved at a pH ranged of 6.0-7.5. 
Lanyon and Griffith (1988) suggest the same pH range (6.0-7.5) is ideal for lucerne to flourish 
and fix optimum amounts of N. They further stated that 93% of maximum lucerne yield was 
attained at pH 6.0, whilst 100% yield was achieved at pH 6.6 in the mid-western USA. Bolan et 
al. (2008) state  that soil pH drops because hydrogen (H+) ions are released into the soil solution 
in the process of N fixation by the legumes, or organic matter mineralisation, and subsequent 
oxidation of N and S. Consequently, major nutrients, especially P and S are adsorbed into the 
soil matrix or leached and are unavailable for lucerne uptake, and hence, limit productivity.  
Thus, Fernández and Hoeft (2009) suggest that lime is vital in pastoral soils to maintain pH 
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between the desired range for adequate production of lucerne and other legumes. They 
recommended that lime application rates should depend on soil test levels and the physical, 
chemical, and biological properties of the soil (Table 2.1). Excessive liming may promote weed 
growth and nutrient leaching. When soil pH is increased, the cations may become available in 
excess in the soil solution beyond the lucerne plants’ requirements (Cameron, 1992). Thus, they 
may leach into groundwater. Weeds can also have an advantage with high available nutrients to 
grow vigorously and out-compete the lucerne stands. Yet, there is very little, if any data that 
explicitly show this scenario on NZ soils.  
 
Table 2.1 Soil type, CEC, the pH level and the amount of lime required for lucerne and clover    
Soil type  and pH  ( at  23 cm tillage 
depth) 
Soil pH level 
4.5 4.6 4.7 4.8 4.9 5.0 5.1 5.2 5.3 
t/ha of lime from limestone 
Dark coloured silty clays or clay loams 
with CEC > 24 
11.0 11.0 11.0 11.0 11.0 11.0 11.0 10.3 9.6 
Light-medium & dark coloured silty 
clays or clay loams with CEC 15-24 
11.0 11.0 11.0 10.4 9.9 9.3 8.8 8.2 7.7 
Dark coloured sandy loams with CEC 
8-15 
10.0 9.6 9.1 8.7 8.2 7.8 7.3 6.9 6.4 
Light coloured loams; light-medium 
coloured sandy loams & sands with 
CEC <8 
6.0 5.8 5.5 5.3 5.0 4.8 4.5 4.3 4.0 
Muck & peat soils, dark-light coloured 6.0 5.4 4.9 4.3 3.8 3.2 2.7 2.1 1.6 
Adapted from Fernandez and Hoeft (2009) 
 
For NZ soils, Langer (1973) recommends a lime rate of 2500 kg/ha to modify a pH of 5.6 for 
optimum lucerne productivity. He also suggested lower lime rate of 500 kg/ha drilled with seeds 
when sowing at pH between 5.8 and 6.0. This implies that lime rates can be minimised if drilled 
with seeds. Meanwhile, Musgrave (1982) reviewed similar rates of around 420-1250 kg/ha of 
lime from a number of dressing experiments during over sowing at the same pH range, and rate 
as low as 320 kg/ha was used in lime seed coating. In such seed coating, around 36% success 
rate was achieved in terms of establishment and nodulation. Hence, he suggested that liming at 
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low pH (5.7-5.8) may result in optimum lucerne productivity. In contrast, Wynn-Williams (1982) 
reviewed that pH requirements of lucerne for adequate root development, nodulation and DM 
yields in North America were said to be near 7.0, but it was unclear for NZ soils. He further 
reviewed that lucerne roots reached 1.65 m depth on Kiripaka bouldery silt loam soil when the 
pH was 5.0 at 1 m depth, while no root reached 0.5 m when pH was 4.8 on the friable gravelly 
soils of Okaihau. Moreover, no DM yield difference was observed between lucerne under pH 5.6 
and 5.9, while there was a considerable increase in DM yield at pH 6.5. Yet, this yield increase 
was unquantified. When pH was raised from 5.9-6.4 at 0.1-0.8 m depth by liming, there was 
seven-fold increase in the root lengths of lucerne at 0.6-0.85 m depth. Generally, liming on soils 
with a pH between 5.0 and 5.8 may increase pasture production by 8-12%, whilst lower yield 
responses may occur at pH of 5.8-6.0 (Cameron & Condron, 1996). Thus, liming at pH ≥6.0 is 
considered uneconomic (Wynn-Williams, 1982), though Askin (1990) recommends liming at pH 
below 6.3 for lucerne cultivation. 
 
Furthermore, in an attempt to improve lucerne yields in dryland inceptisols of Lees Valley in 
North Canterbury, Moir and Moot (2010) surface applied 0, 2, 4 and 8 t/ha of agriculture and 
quick limes, respectively. They examined the soil pH change at horizon depths of 0-7.5, 7.5-15 
and 15-30 cm. Basal treatment of 27 kg P/ha and 57 kg S/ha were also applied as superphosphate 
with elemental S.  Generally, the lime rates increased the soil pH (˜5.3-5.9) and decreased the 
soluble Al (˜0.9-0.1 me/100mg) at 0-7.5 cm soil depth, but lucerne yield was low (700-1200 kg 
DM/ha). The application of 8 t/ha of lime did not even improve lucerne yields. They concluded 
that, in this case, the yield was not related to the effects of liming or exchangeable Al levels, but 
was probably controlled by plant-available water. Lanyon and Griffith (1988) stated that Mn 
toxicity levels would have similar effects. They reviewed six liming studies where toxicity of Mn 
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persisted and reduced lucerne yields even at pH between 5.8 and 5.9. Douglas et al. (1987) state 
that Al toxicity deteriorates lucerne roots and even in limed soils, soluble Al in the subsoil may 
prevent root penetration below the surface layers, making the plant more vulnerable to drought. 
In contrast, Bolan et al. (2008) generalize that liming in acidic soil is essential to: (i) eliminate 
Al3+ and Mn2+ toxicities, (ii) supply adequate amounts of Ca2+ and Mg2+, (iii) improve water use 
efficiency in plants, (iv) create conducive environments for the availability of essential nutrients 
and rhizobial N fixation by legumes, (v) discourage the presence of soil pathogens and improve 
mineralisation of OM, and (vi) improve yields. Lanyon and Griffith (1988) report similar trends 
where increased uptake of both fixed and fertilised N increased lucerne yields at increasing pH. 
Yet, Scott (2003) suggested that liming practices and rates needed reviewing because the 
legumes may only require lime during the initial bacteria to legume root relationship phases, 
though older European based literatures suggested otherwise. Further research was required in 
NZ soils to specify lime rates that would give optimum yields of dryland lucerne as lime is 
expensive to obtain. However, this project may test a single increased rate along with some of 
the major nutrients. 
 
2.3.2.2 Influence of soil nutrients and fertility levels on dryland lucerne 
 
 
As soil nutrient levels are pH dependent, they should be corrected during the establishment phase 
and maintained throughout the stand life of a lucerne.  Particularly, low P, S and N levels need to 
be corrected. Other macro nutrients that affect lucerne establishment and stand life are K, Mg, 
and Ca. Meanwhile, requirements of trace elements like Mo, Fe and boron (B) also affect lucerne 
productivity. Nutrient requirements of lucerne and other legumes are directly proportional to the 
amount of DM yield (Table 2.2), and so is the amount of N fixed.  
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Table 2.2 Inorganic P effects on lucerne yields and soil test levels over a three year period (kg/ha) 
Fertiliser P Lucerne DM, 3-yr mean Soil P status 
Initial Yr2 Yr3 
0 14300 21.3 11.2 9.0 
19.6 16900 21.3 16.8 12.3 
39.2 17900 21.3 20.2 19.0 
58.7 18700 21.3 32.5 30.2 
Adapted from Lanyon and Griffith (1988) 
 
2.3.2.2.1 Soil phosphorus 
 
Phosphorus limitation in the influence of soil pH also affects the productivity of dryland lucerne 
(Table 2.2) because P is important in legumes including all living cells of other organisms.  
Lanyon and Griffith (1988) reported that P is the major constituent of adenosine triphosphate 
(ATP), which is associated with nitrogenase activity in lucerne, and is the energy currency of all 
living cells. It is also the essential component of deoxyribonucleic acid (DNA) and ribonucleic 
acid (RNA) (Brady & Weil, 2000; McLaren & Cameron, 1996). Lanyon and Griffith (1988) add 
that P in the form of ATP is responsible for N2 fixation and plays a major role in the 
establishment of symbiotic relationships between lucerne and rhizobium bacteria and also 
mycorrhizal fungi. Thus, lucerne flourishes in the presence of adequate P in soils. Yet, P is only 
sparingly available in soil solution for plant uptake under low pH (<5.5) conditions. Under low 
soil pH, P is highly sensitive to adsorption in the soil matrix in the presence of Al and Fe ions.  
As such, about 350-7,000 kg P/ha is available in the top 25 cm of the soil surface (Brady & Weil, 
2000), but <1% of it is available in soil solution at any one time for plant uptake (Grant et al., 
2004). Therefore, P fertilisers must be supplied to dryland lucerne. Lanyon and Griffith (1988) 
suggested that 15-59 kg P/ha may result in optimum lucerne yield in their environment. They 
added that P is best applied while establishing lucerne stands to incorporate the P fertiliser 
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deeper in the soil profiles, but will also improve yields if broadcasted on established lucerne 
fields.  
 
Yet, P rates use on NZ soils on other pastoral crops differ while for dryland lucerne is unclear. It 
is sensitive to adsorption in soil matrix under persisting ecological constraints, especially soil pH 
(<5.5) and anthropogenic activities, particularly farming. It is also lost through pastoral and 
arable harvests. For quality and quantity pastoral products, P must be supplied to the pasture 
fields for the animals to absorb it while grazing on them. This is because P is a major constituent 
of bones, teeth and the central nervous system in animals (DPI Victoria, 2012). Therefore, 
between the 1960s and 1970s, light aircrafts were used to apply single super phosphate (SSP) on 
many NZ soils, particularly on hill and high country areas (Williams, 1973; Karlovsky, 1975).  
The SSP contains around 9% P and 11% S. This historical application increased the P content of 
NZ hill and high country soils. The increase is equivalent to an application rate of 14 kg P/ha per 
year or 150 kg SSP/ha annually for over 50 years   (J. Moir, pers. comm., September 3, 2012). 
However, Haynes and Williams (1993) state that application of P is needed on the P deficient 
soils of NZ, especially on the dryland pastoral ecosystems. The current nutrient budget on 
average ranges from 7 kg P/ha in low farming zones, and up to 28 kg P/ha in intensive dairying 
areas (Parfitt et al., 2008). Meanwhile, Scott (1973) recommended 54 kg P/ha for NZ pastoral 
ecosystems. This is twice the amount recommended by Parfitt, et al., (2008) and is similar to 
what was recommended by Lanyon and Griffith (1988) for optimum lucerne productivity.  These 
varying amounts of P used demonstrate that actual amount of P needed depends on the 
background soil P tests for a particular soil type and annual product removal. In this experiment, 
a single application rate of P at increasing concentrations will be tested, along with other major 
nutrients. 
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2.3.2.2.2 Soil sulphur 
 
Like P, soil S must be supplemented for improved production. Total S in soil and parent 
materials ranges from 100-2500 kg/ha and 80-90% of this is organic S (Mengel et al., 2001; 
McLaren and Cameron, 1996). Haneklaus et al. (2007) report that out of the total S in soil pools, 
plants absorb only 1.7-3.1% against the pressing ecological constraints such as leaching, 
immobilisation and soil pH. Hence, Brady and Weil (2000), and Haneklaus et al. (2007) add that 
generally, around 0.1-2% S is found in healthy plant foliages. This is because most of the amount 
absorbed is converted into plant parts and tissues via photosynthesis. Hence, in most plant 
tissues, around 70% of the total S is present as reduced forms of cysteine and methionine 
residues of proteins (Haneklaus et al., 2007).  Although S is a secondary macro nutrient element, 
it is essential for plants and animals for survival and to be productive. Nguyen and Goh (1994) 
report that grazing animals require 0.1-0.26% S for every kg of live weight gain for optimum 
growth and productivity. Thus, S deficiency in soils also affects the productivity of plants 
including dryland lucerne, which ultimately affects the productivity of the grazing animals.   
 
Moreover, S is an integral part of the chemical composition of plants and animals as it is 
involved in protein synthesis and is a major constituent of amino acids and vitamins (McLaren & 
Cameron, 1996; Brady & Weil 2000; Thiagalingam, 2003). Thiagalingam (2003) further states 
that S assists in seed production, chlorophyll formation in plants and nodulation in legumes. It 
also assists plants, especially pastures, in stress response reactions like animal trampling and 
defoliation, and provides defence against pathogen attacks (Hell & Kruse, 2007). It also assists in 
the establishment of symbiotic relationships between bacteria or mycorrhiza and legumes (Scott, 
2003). Healthy lucerne tissue contains 2.5-3.0 g S/kg, below which productivity is reduced 
(Lanyon & Griffith, 1988). Therefore, where deficient, plants must be supplemented with S 
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fertiliser.  In Wisconsin, 28 kg S/ha when applied on a lucerne stand promoted optimum growth 
and production although rates as low as 2 kg S/ha were reported to give at least a yield of around 
11 t DM/ha (Lanyon & Griffith, 1988). In general, the S requirement of an N fixing pasture 
legume in NZ is around one-twelfth of the N it fixes. If it fixes around 500 kg N/ha annually, 
then it would require about 42 kg S/ha yearly (Scott, 1973). Sulphur has been increasingly 
deficient in drylands of NZ and amendments in S fertilisation are required as rainfall subsides 
(Scott, 2003). The historical application of SSP, improved the S content of the hill and high 
country soils of NZ to a minor extent in relation to P accumulation (J. Moir, pers. comm., 
September 3, 2012). Nevertheless, S is highly sensitive to leaching. This is unlike P, which is 
locked into soil or rock matrix and released in due course via natural processes like weathering. 
Even the dryland soils of NZ, particularly in the South Island have low S retention capacity and 
are more deficient in S than P (J. Moir, pers. comm., February 2, 2013). There is little 
comparable data on the S uptake of lucerne for its production and productivity on NZ soils. 
Therefore, there is a need to verify the S requirement rates for lucerne in NZ dryland areas. 
However, this project will concentrate on a single rate of S at increased rate along with other 
major nutrients. 
 
2.3.2.2.3 Soil nitrogen 
 
 
Another nutrient, either in high or low levels in soil that has the potenital to affect dryland 
lucerne is N, though it may depend entirely on its own N captures via N2 fixation. The soil N 
status of a particular site is a key factor that can influence N fixation and productivity of 
legumes. Scott (1973) reviewed studies at Palmerston North on N application on grass/clover 
swards. In that study, when soil N level was kept low by removing 510 kg N containing 
herbages, the N fixation by legumes soared up to around 680 kg N/ha annually. Meanwhile, N 
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fixation dropped to below 550 kg N/ha when N fertiliser was applied. This indicates that high 
soil N or too much N fertilization can limit N fixation and productivity of legumes or vice 
versus. Yet, it also reflects that legumes can still respond to fertiliser N application in nutrient 
limited soils. Lanyon and Griffith (1988) explained that lucerne acquires around 43-64% of N 
from its own fixed N depending on ecological constraints. However, lucerne and other legumes 
may need small amounts of fertiliser N during their establishment phases.  These amounts may 
range between 22-67 kg N/ha depending on the soil N or fertility status of the soil. However, 
there was very little if any literaure that explicitly mentions the effects of N fertiliser on the N 
uptake and N fixation of lucerne on NZ soils and elsewhere. 
 
 Bolland and Russell (2010) observed in their study in the poor soil conditions of Western 
Australia that the pasture was dominated by ryegrass when fertiliser N was applied after each 
grazing.  When no N was applied, the pasture composition contained 30 and 70 % of clover and 
ryegrass, respectively. Thomson and Stevens (2011) observed a similar situation in their 
experiment on the hill country of Whiterock, NZ. They applied 100 kg N/ha on grass/white 
clover stand in late autumn of 2008 and monitored the effects on DM yield and stand 
compositions over the seasons through to winter of 2010. The N treated block out yielded the 
control treatment by 1300 kg DM/ha over the two year period. However, clover composition was 
declined by 17% on the N blocks against the control (6%). Nitrogen fixation of the legumes was 
not quantified. However, excess N may promote weed growth on an established lucerne or a 
legume stand (Lanyon & Griffith, 1988). Douglas (1986) expressed similar concerns under NZ 
dryland pastures. However, there was no yield data given to verify  his assumptions or concerns 
in a NZ context. Meanwhile, growth and yields of lucerne were either depressed or no effect was 
attained when N rates of up to 225 kg N/ha or more were applied in areas like Oregon (Lanyon 
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& Griffith, 1988). Yet, there was very little information if any on the N balances, N use 
efficiency and economy of N fertiliser application on dryland lucerne stand on NZ soils and 
elsewhere. Hence, there is a need to specify the  particular N level where optimim N use 
efficiency, nodulation, and N fixation are achieved.  
 
2.3.2.2.4 Other macro nutrients and trace elements 
 
 
Lucerne also needs the other macro and secondary nutrients: K, Ca and Mg during its 
establishment and stand life for optimum growth and production. It must be supplied with these 
nutrients during land preparation, or on established stands. Apart from the secondary nutrients, 
lucerne also needs several trace elements, particularly Mo, Fe, B, Cu, Zn, and Mn, depending on 
its yield range (Table 2.3). Lanyon and Griffith (1988) explain that K is required by lucerne for 
its gaseous exchange during its methabolic processes, especially photosynthesis. Its deficiency 
can cause stomatal resistance to gaseous  (CO2) flow and exchange. It is also involved in the 
development of roots, or shoots and responsible for translocating photosynthate from source to 
sink. Hence, a lucerne stand with a yield ranging from 9-17.9 t/ha would require about 205-524 
kg K/ha. However, too much concentration of K in the plant tissues may suppress the absoption 
of P, Ca and Mg by the plant. Haynes and Williams (1993) state that such situation occurs 
because cation absorptions and translocations are improved by NO3- nutrition. Hence, if high 
amounts of NO3- are absorbed from urine NO3- sources, then K+ absorption is also high. This 
dilutes the absorption of P, Ca, Mg, and to some extent Mn. However, if nitrification in the urine 
patches is slow, then NH4+ builds up and competes with K+ absorption. Thus, prevents the 
pastures from absorbing K+. Grazing animals can be supplemented with minerals, especially Mg, 
Ca and Na if such a situation occurs.   
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Table 2.3 Nutrient requirements of lucerne depending on DM yield range  
DM yield range (t/ha) Nutrients (kg/ha) 
K Ca Mg S B Cu Zn Mn Fe 
~9 205 99 17 18 0.22 0.06 0.18 0.40 1.09 
9-11.2 270 121 21 22 0.28 0.07 0.29 0.53 1.16 
11.2-13.4 315 148 27 28 0.34 0.08 0.29 0.57 1.58 
13.4-15.7 379 162 29 32 0.37 0.09 0.31 0.74 1.76 
15.7-17.9 451 187 34 38 0.41 0.10 0.34 0.90 1.80 
>17.9 524 226 39 47 0.48 0.12 0.40 0.87 2.15 
Adapted from Lanyon and Griffith (1988) 
 
Ingestion of pastures deficient in Mg and high in N concentration can cause Mg deficiency, 
decrease Na:K ratio and excessive build up of ammonia gas in the gut fluids of ruminants. This 
results in metabolic disorders like hypomagnesaemia grass tetany in lactating cows, particularly 
in relation to Mg deficiency (Haynes & Williams, 1993). A soil test is necessary to see whether 
K is deficient (<7 mg K/g soil) prior to K fertilisation. Therefore, K and N fertilisation may not 
be needed on a lucerne stand where direct grazing is done on it because much of the K and N 
ingested can be deposited back through animal urine and dung. Such situation can be profound in 
NZ soils, especially on flat drylands where direct grazing is often done on a lucerne stand. For 
instance, urine source K uptake by pastures increased from 20-39% at Lincoln University Farm, 
NZ (Moir et al., 2007). Such objectives can be achieved also on hill and high country by sub-
divisional fencing on lucerne or pasture stands to minimise nutrient transfer loss by grazing 
animals. In addtion, a pasture receiving effluent treatment may not require K fertilisation, and 
hence, save nutrient management costs. The amounts mentioned in Table 2.3 could have been 
obtained from a cut-and-carry system where the demands for K by lucerne was higher because 
the herbage containing the nutrients were cut and transported elsewhere. These data also indicate 
that nutrient demands by cut-and-carry lucerne are higher, and can be expensive compared with 
direct grazing systems.  
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Trace elements, Mo and Fe are also important for nitrogen fixation in lucerne as they are the core 
components of nitrogenase enzyme (refer Section 2.2.1.2), which enables N fixation in root 
nodules. They can be added if soil pH is lower than ideal during sowing and the stand life of 
lucerne. Scott (2003) adds that Mo fertilisation could be needed in high rainfall areas to offset 
the amount lost via leaching compared with dryland. However, fertilisation can be done as 
insurance on drylands. On the other hand, Ca and Mg are associated with soil acidity, though Ca 
can be absorbed by a lucerne crop in higher quantity (e.g. 205-524 kg Ca/ha) depending on its 
yield range. Thus, liming at specified applications rates (see Section 2.3.2.1) will improve the 
availability of Ca and Mg, and also P, B, Cu, Zn, Mn, Fe and Mo (Lanyon & Griffith, 1988). 
Boron deficiencies often limit legume growth and seed production, but further investigations are 
requried on its importance in dryland areas of NZ (Scott, 2003). These reports emphaise on 
establishment, growth and yield in accordance with the nutrient demands of the crop. Yet, there 
was little documentation on nodulation and N fixation rates against the specific nutrient levels in 
the soil or fertiliser rates in relation to soil pH levels. None of these minor nutrients at different 
pH levels will be tested in this experiment, though further studies are required. Their importance 
were reviewed to set the background knowledge of this experiment.  
 
2.4 Management constraints on dryland lucerne 
 
 
Along with soil pH and nutrient managment, pests, diseases and basic practices of weed and 
grazing  managment also affect dryland lucerne growth and production.  
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2.4.1 Pest and disease managment 
 
The impact of pests and diseases has caused lucerne to decline in its productivity and lost its 
potential of gaining fame in the wider farming community (see Section 1). Pests like blue green 
aphids (Acrythosiphon kondoi) can be prevalent during  the establishment or seedling stage of a 
lucerne stand. It can be controlled by spraying appropriate pesticides. However, Moot et al. 
(2003) and Moot (2014) reported that pests and disease resistant cultivars were introduced into 
NZ to curb this problem. Some of these resistant cultivars includes ‘Torlesse’ and ‘Kaituna’. 
 
2.4.2 Weed management 
 
 
Weeds appear naturally or can be induced by excessive N fertiliser and lime use (see Sections 
2.3.2.2.3 and 2.3.2.1). These compete with pasture plants for soil nutrients, aeration and sunlight. 
For lucerne, weed management is important during the establishment or juvenile stages (Langer, 
1973). Seeding must be done on weed free beds. Herbicides can be used to kill the weeds prior to 
lucerne seeding. Rhizomatous weeds like couch (Elytrigia spp.), Californian thistle and yarrow 
(Acbillea millefolium) Upritchard (1985) may need several rounds of sprays to remove them, 
while perennial and annual weeds can be prevented from seeding for the first one or two years. 
This can be done by allowing them to germinate on the prepared seed bed and be sprayed prior to 
lucerne seeding. Systemic weed killers such as glyphosate could also be used in such cases 
(Thomson & Stevens, 2011). Herbicides like Gramoxon that may have residual effects on the 
crop should be avoided. There are other pre-emergence herbicides like befluralin, which can be 
applied on a prepared seed bed to control emerging weed seedlings (Langer, 1973).  
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2.4.3 Grazing management 
 
Grazing practices should sustain the productivity and stand life of a lucerne stand. They also 
minimise weed growth and create avenues for livestock to be fed with other feed sources such as 
grass pastures, hay and silages. Ultimately, grazing results in animal live weight gain and 
minimises animal health issues. Janson (1982) reviewed two rotation systems of harvest 
management practices on lucerne in general. They are cut-and-carry and direct grazing systems. 
Cut-and-carry is the traditional system, which is still prominent in countries like the United 
States and England whereas direct grazing has lately become apparent in NZ as a result of 
grazing management experiments.  Cut-and-carry rotational grazing is done mainly for either 
producing hay or silages from lucerne, or for feedlot systems. The lucerne stands are cut down to 
2-4 cm above the ground level. The nutrient demands for lucerne stand can be higher when 
herbage containing nutrients are removed and transported elsewhere compared with direct 
grazing (see Section 2.3.2.2.4). Rotational harvesting, either by direct grazing or cut-and-carry 
practices is important for the lucerne stand to recover.  
 
A continuous or prolonged grazing will deteriorate the crown of a lucerne stand, leading to either 
low growth and productivity or short stand life (Moot et al., 2003). Thus, the direct grazing 
period should range between 4-10 days on lucerne stands with 20-36 days of spell or regrowth 
(Janson, 1982; Moot et al., 2003). This can mean 100-400 sheep/ha (Janson, 1982) having 4-10 
lucerne blocks if they were to be fattened on lucerne alone, for example. The livestock should 
graze the stand down to 2-4 cm above ground level, similar to that of a cut-and-carry rotational 
grazing system. Damage to lucerne crown may occur if the livestock is allowed to graze for more 
than 10 days. In addition, fairly severe, but quick grazing should be applied on juvenile lucerne 
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stands (10-12 cm height) for effective weed control (Langer, 1973; Askin, 1990). Askin (1990) 
adds that heavier livestock like cattle should be avoided at this time to prevent the crown damage 
from animal trampling as the stands are not well-established. If possible, a quick mowing can be 
done to avoid such trampling damage to crowns. 
 
Moreover, the grazing period or intervals and objectives differ from one distinct season to 
another in a temperate region like NZ. Moot et al. (2003) explained that grazing in winter (Jun-
Aug) should be aimed at weed control in preparation for optimum herbage recovery in early 
spring. This is because the herbage production will be minimal during cold periods (refer Section 
2.3.1; Figure 2.4). The stand has to be severely grazed during late June. Contact or residual 
herbicides should be applied 7-10 days after the clean grazing to keep the weeds out. Developing 
lucerne buds can be damaged if the herbicides are applied later than this period.  The stands are 
to be left ungrazed by then, until after their recovery during early spring (Sep-Nov). In spring, 
grazing should be based on crop recovery to maximise body weights of the ruminants rather than 
sticking to grazing criteria such as basal bud developments or flowering. They further explained 
that in summer (Dec-Feb), grazing can be prioritised to maximise the body weights of desired 
stock as DM yields depend on soil moisture. They reviewed that over 7 t DM/ha were achieved 
on three rotations under irrigated lucerne stand on a deep Wakanui silt loam containing 350 mm 
of plant available water.   
 
Moot et al. (2003) also explained that the autumn (Mar-May) grazing objective should be for 
gaining persistency of the crop to withstand the winter cold. This is since the growth and 
productivity of stand decreases with decreasing temperature and photoperiods at this time of the 
year. Consequently, the stand starts to shift its nutrient reserves to root development in 
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preparation for withstanding winter cold and spring production rather than shoot development. 
To help maximise its root reserves, grazing has to be done at 50% flowering in early autumn 
(Feb-Mar) since the flowering period will be relatively longer as photoperiod shortens between 
April and May. Such a delay in grazing and rainy days during autumn aids lucerne in building up 
its root reserves. They concluded that such management strategies also boost lucerne stands or 
other pasture plants for canopy development and to be competitive with the growth of shallower 
rooted weeds over the winter period.  In addition, the rotational and delay grazing also creates 
opportunities for pastoral farmers to do feed budgeting and to feed livestock with hay or grasses. 
Feeding on such alternative feed sources allows the ruminants to absorb nutrient elements, 
especially Na, which is low in lucerne herbage (Thom & Smith, 1980).  Supplementary feeding 
during spring may help reduce the risk of bloat in ruminants compared with rotational grazing on 
lucerne alone. Such situation are likely when excessive gas accumulates in the rumen in relation 
to consuming lush lucerne or other legume biomasses during early spring (Moot, 2009; Howarth 
et al., 1991). Supplementing livestock with roughages like hay or rotation with grass pastures 
with lucerne during spring may reduce the risk of bloat.  
 
Furthermore, Brown and Moot (2004) state that palatability of lucerne declines with increasing 
in DM yields. They noticed that herbage palatability declined linearly from 100% at 0.7 t/ha 
standing DM to 57% at 4.3 t/ha standing DM.  They further reported an equation based on 5 t 
DM/ha as a limit to palatability and 1 t/ha as 100% palatability. This implies that grazing must be 
done before a lucerne stand reaches 5 t DM/ha because any DM yields above 5 t/ha will have 
low palatability. However, this equation may not be applied on lucerne stands yielding more than 
5 t/ha, because the stand will still have a reasonable amount of palatable leaves, buds and tips or 
shoots (D. Moot, pers. comm., September 27, 2014). He added that at least 2-3 t/ha of DM from 
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such stands would still be palatable. However, no grazing will be done on this experiment while 
cut-and-carry system will be practiced to determine the effects of nutrient fertilisation on lucerne. 
  
2.5 The economics of liming and fertilising dryland lucerne 
 
There is little information available on the economic values or returns of lime and fertiliser 
nutrient applications rates for lucerne yields. Effects of applications of lime and nutrients on 
lucerne growth, root development, nodulation and DM yields have been reported. However, little 
attention has been given to the economics of applying lower or increasing rates of lime or 
fertiliser nutrients in relation to soil pH levels.  
 
2.5.1 The economics of liming on dryland lucerne 
 
Lime rates ranging from as low as 300 kg/ha to as high as 8,000 kg/ha were tested under NZ 
acidic dryland conditions in the hope of improving the productivity of lucerne stands. The lime 
rates were applied at a pH ranging from 4.8-6.3 on a wide range of soils such as a Wakanui silt 
loam to inceptisols at soil depths ranging from 0-80 cm. Musgrave (1982) reviewed several 
liming experiments and suggested lower rates of lime needed to be investigated to attract more 
lucerne stand establishments. This was based on lime coating experiments that gave higher 
establishment and nodulation rates on lucerne stands. Coating places the lime around the root 
zone of the emerging plants where it neutralises the acidic conditions of those soils to promote 
plant growth and establishment. Wynn-Williams (1982) recommended based on his reviews that 
applying lime at deeper soil profiles would be uneconomic, but there were lucerne genotypes 
available, which could tolerate acidic soils. However, the acid tolerant lucerne cultivars were not 
specified. Thus, the economics of applying higher rates of lime in relation to pH levels needed 
quantification. This is because lime is expensive to obtain. Even dissolution of lime to trickle its 
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lower pH neutralising effects through the soil particles and deeper profiles is quite slow. In most 
cases, liming will neutralise the low pH levels on the top 5-10 cm soil depths within 6 months, if 
ploughed in. However, it may take a couple of months to years to reach such depths if applied 
directly on crop stands or onto the soil surface. This study will look at a surface applied lime at a 
single higher rate along with other major nutrients like P on an established lucerne stand. 
 
2.5.2 The economics of nutrient fertilisation on dryland lucerne  
 
In the case of nutrient application, either little to no attention was also given on the economics of 
either using lower or higher rates of P, S,  N, K and the trace elements in relation to soil pH 
levels or liming for lucerne productivity.  However, applying increasing amounts of N on lucerne 
stands may promote weed growth (Scott, 1973; Lanyon & Griffith, 1988). It may also cause the 
plant to reduce N fixation (N substitution effect), but may give higher quality biomass yields for 
live weight gain and income. Thus, application rates may range at 22-67 kg N/ha (Lanyon & 
Griffith, 1988). In contrast, pastoral farmers of NZ have applied 350–500 kg N/ha annually in an 
attempt to improve pasture yields (Andrews et al., 2007), particularly on ryegrass/white clover 
stands. The economic returns or whether such amounts are applied on pure legume stands like 
lucerne are unclear.  
 
One report by Gillingham et al. (2003b) quantified the economic value of soil N or N fertiliser 
rates on white clover based pasture grass stands in relation to soil P levels on farmlets in the hill 
country soils of Waipawa,  from 2000-2003.  In that experiment, four self-contained farmlets 
having about 12 ha were constructed on easy-steep slopes consisting of both south and north 
aspects. Two of the farmlets were categorised as moderate soil P levels (P = 15) whilst the other 
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two as high soil P levels (P = 28). One of each (moderate & high soil P) was used as a control (-
N) while the other two of each received a 50 kg N/ha. The N fertilisations were done on the 
steeper slopes of the moderate and high P levels, respectively. They noticed that the relative 
economic value increased steadily from 100-119% over the three year period. This was an 
increase of 10% in the economic net return margin at both moderate and high soil P levels. Such 
scenarios on economic benefits could be similar on N fertilisation on lucerne, though these 
economic analyses were done on clover based pastures. On the other hand, little attention was 
given, if any on N fixation or reduction, N balances or N use efficiency and economic values in 
relation to N fertilisation of lucerne stands on NZ soils. 
 
2.6 Conclusions 
 
 Lucerne  is a high value perennial dryland deep tap-rooted legume, which can be grown 
as an insurance against soil mosture deficit and climate change. 
 Lucerne biomasses contain high crude protein in excess of animal requirements, and can 
fix around 125-600 kg N/ha/year, though may differ depending on persisting contraints, 
e.g., it is intolerant of acidic soils (pH <5.5) and excessive soil moisture. 
 Under NZ soils, the free-living bacteria, Ensifer meliloti is not present and must be 
inoculated when establishing a new lucerne stand on virgin soils. 
 Lucerne stands are to be established and managed accordingly under the persisting 
ecological and anthropogenic factors, especially under prevailing climatic conditions, soil 
pH, liming, and  nutrient (P, S, N) levels if its benefits were to be fully realised. 
 Exessive use of lime and N must be avoided to prevent vigorous weed growth and 
excessive lime may also promote nutrient leaching under lucerne stands. 
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 Agronomic experiments on lucerne using liming rates (300-8000 kg/ha), and nutrients 
used under NZ dryland conditions were mostly aimed at improving DM yields to fatten 
livestock, while only one experiment attempted evaluating the economic values of N use 
versus DM yields in relation to soil P availability. 
 Thus, there is a need to determine whether lime and fertiliser, when applied at ‘optimum’ 
rates, could economically improve the productivity of lucerne in dryland pastoral 
ecosystems, and to quantify how such applications may influence N fixation.  
 
This study was done to determine the effects of N, P and S fertilisers and lime on the N fixation 
and N balance of an established dryland lucerne (Medicago sativa L.). The hypothesis tested was 
that increasing the soil fertility status in terms of soil N, P, S, and pH, or combinations thereof, 
affects the yield, N fixation and N balance of an established dryland lucerne stand. 
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Chapter 3: Materials and methods 
 
3.1 Site description  
 
The experiment was conducted at Lincoln University (LU) Field Service Centre (LUFSC) in 
Canterbury, New Zealand (NZ), on an established dryland lucerne (Medicago sativa L.) stand. 
This lucerne stand was established by Khumalo (2012) for his MsAgSc research project. The 
field is situated at 43°38'S and 172°28'E, 11 m a.s.l within a 0.98 hectare of flatland (0o) in 
paddock I12 of ‘Iversen Field’. The paddock was cultivated and sown with lucerne/ryegrass from 
2004-2007. This was followed by brassicas in 2008 and a short rotation ryegrass between 2009 
and mid 2010. The dryland lucerne stand was established in October 2010 at five  sowing dates 
(4th October, 4th November and 2nd  December 2010, and 10th  January and 7th February 2011)  
with four types of seed treatments (peat, lime coating, ALOSCA® granules and a bare seed 
control). The lucerne seeds were inoculated with rhizobium bacteria prior to planting. The seeds 
were sown using an Øyjord cone seeder to sow 14 rows per plot at 0.15 m apart, with plots being 
4.2 m wide and 7 m long with 0.5 m gaps between the plots. This larger lucerne stand received 
optimal management from the LU Dryland Pasture Research Unit, since the completion of the 
initial study.  
  
The current experiment was conducted on the headland of the larger lucerne stand between 
September 2012 and December 2013. This period includes two spring growth seasons (15 
months) compared with usual annual growth seasons from spring to winter in NZ. Mowing of the 
lucerne stand of the headland and field marking was done in late September 2012. The 
treatments were then established on 5th October 2012. The experiment was concluded on 4th 
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December 2013. Therefore, the lucerne stand was around 23 months old when this experiment 
was established. The site soil is on a Wakanui silt loam (Udic Ustochrept, USDA Soil 
Taxonomy) with 1.8-3.5 m of fine textured (silt) material overlying gravels.  Soil sample results 
from the initial experiment taken at monthly intervals between September 2010 and December 
2011 (Khumalo, 2012; Table 3.1), showed that the site soil fertility was at medium levels while 
the pH was moderately acidic (pH 5.5). Before the initial experiment, the soil was deep ploughed 
and 20% sulphur super (N, P, K, S) was applied at a rate of 20 kg P/ha and 50 kg S/ha in late 
September 2010 prior to seeding his lucerne stand (Khumalo, 2012).  The field was also boom 
sprayed with Treflan® E.C trifluralin (5%) at 3 L/ha for weed management.   
 
Table 3.1 Soil fertility status of the project site observed per month from September 2010 to January 2011 
Soil properties Units 
 
Soil sampling dates Optimum 
range 
Ratings/comments 
 2010 2011 
14/09 9/10 2/11 8/12 9/01 
pH pH units 6 5.8 5.7 5.5 5.5 5.5-6.5 Optimum 
Olsen P mg/L 17 17 20 19 19 25-30 Very low 
Potassium (K) me/100g 0.7 0.44 0.53 0.64 0.53 0.30-1.00 Optimum 
CEC me/100g 17 14 15 16 14 12-25 Optimum 
Total base 
saturation 
% 64 63 63 62 65 50-85 Optimum 
Sulphate sulphur mg/kg 3 - - - - 7-15 - 
Total N % 0.31 0.26 0.25 0.33 0.21 0.30-0.6 Medium-optimum 
Mineral N Kg/ha 96.7 71.3 66.8 109.4 160.7 - - 
Adapted from Khumalo (2012) 
 
 
3.2 Experimental design 
 
The total experimental block (Apendix 1; Figure 1.a) for this experiment was  540 m2 (60 x 9 m). 
Each main plot was 9 x 2.5 m (22.5  m2) while the subplots were 4.5 x 2.5 m (11.25  m2).  The 
spacing or gaps between plots and blocks were not spared as the project plot areas were small in 
42 
 
size. However, the lucerne stands along or within 1 m2  of the boarders of each plot and block 
were treated as buffers or guard rows to avoid edge effects. Thus, no data were collected from 
those areas. An additional 180 m2 block was laid alongside the main experimental block to 
collect reference weed plant samples for natural N abundance analysis. However, no weeds were 
grown under urea-N treatments for 15N content comparison. A total of 12 treatments with four 
replicates were laid out in a split plot randomised complete block design (RCBD). The main 
treatment plots for the experiment were: control (0 lime/fertiliser),  pelleted agricultural  lime 
(L),  S, and P (20% P-single superphosphate) + S (PS), L + S (LS) and L + S  + P (LPS)  at the 
rates given in Section 3.3. Half of the S was applied as elemental S and the other half as gypsum.  
 
A subplot treatment was also applied, whereby one half of each main plot received a 0/+ N (urea 
46% N) treatment after each harvest (cut-and-carry system). The actual rate of N applied was 
determined based on the N removal rates of the previous harvested lucerne biomass and applied 
after every harvest. This was done by estimating the %N concentrations in the average DM 
yields of the +N plots based on equations from Brown and Moot (2004). Then Equation 1 (p. 43) 
was used to calculate the amounts of urea needed to apply in this experiment. Lime, P, and S 
treatments were applied only once at the start of the project. This gave 24 main plots and a total 
of 48 subplots. A split-split plot RCBD was also used later to identify relationships between the 
harvest dates, using time as the sub-sub plot. This was because progressive DM harvests and soil 
sampling were done on the lucerne stand during the experimental period. The soil samples were 
then bulked according to the subplots (2 treatments x 3 replicates) and the harvest dates in a 
RCBD since the main plots had no to minor effects on the DM yields and the components 
measured.  
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Equation 1 Stepwise calculation of urea N applied after each harvest: 
A. kg N removed by DM = (%N in DM/100) x mean DM (kg/ha) of +N plots 
B. kg urea N needed per ha = (100/46% urea N) x Answer A 
C. kg urea N need per plot = (Answer B x 11.25 m2)/10000 m2 
 
Where %N in DM was obtained from equations in Brown and Moot (2004); 100 is the 
percentage proportion; 11.25 m2 is the total area for a single subplot in this experiment and 
10000 m2 is the standard for a ha. 
 
3.3 Management of the experiment  
 
The site was marked out with wooden pegs on October 3, 2012 to layout the field plan on the 
ground. The treatment rates applied according to the plots size were: a control x 4 plots (no 
fertiliser or L);  L  6000 kg gypsum/ha = 13.5 kg gypsum/plot x 12 plots; S applied as sulphate, 
18% S, 64 kg S/ha = 356 kg S/ha, which was 0.8 kg S/plot x 8 plots, and as elemental S-90% = 
64 kg S/ha = 71.1 kg S/ha, was 0.2 kg S/plots x the same 8 plots; LS, at same rates x 4 of the L 
plots;  P (superphosphate, 20% P), 50 kg P/ha = 617.3 kg P/ha, which was applied at 1.4 kg 
P/plot plus S x 4 of the S plots; LPS at the same rate for 4 of the L plots.  The 24 subplots of urea 
(46% N), 120 kg N/ha, that was 7.1 kg urea/ha and was applied at 0.3 kg urea/plot. The fertiliser 
treatments were hand spread as they were small amounts.  However, a fertiliser spreader (Figure 
3.1) was used to spread the L onto the plots because 6 t L/ha  was too large a quantity (13.5 kg 
L/plot) to apply evenly by hand.  
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Fig. 3.1 Evenly spreading the other fertilisers manually, but spreading lime with a trolley spinner 
 
A total of six progressive harvests were conducted. Urea was applied after the first harvest (H1 
on 21/11/2012) at 444 kg/ha on the +N plots on December 6, 2012. The amount of urea applied 
thereafter for the +N plots were 485 kg/ha on January 16, 345 kg/ha on March 17, 287 kg/ha on 
May 29 and 404 kg/ha on October 31, 2013, after H2 (7/01/2013), H3 (24/02/2013), H4 
(26/04/2013) and H5 (26/09/2013), respectively. This was done to replenish the amount of N 
removed by the herbage at each harvest and to determine whether N fixation ability of the 
lucerne was affected by urea N application. The urea fertiliser was either applied during rainy 
days or within 2-3 hours prior to rain to allow for immedate dissolution of N into the soil matrix 
and to avoid N volatilisation. The 4th progressive harvest was taken at flowering in autumn 
where clean up was also made in preparation for the coming winter. This system of grazing or 
cutting down lucerne stands at flowering in autumn has recently become the standard practice in 
NZ (Moot et al., 2003). This allows the lucerne to build up its root starch reserves to survive the 
coming winter (refer Section 2.4.3). The lucerne stand was then allowed to grow untouched over 
the winter period of 2013 before H5. No urea was applied after H6 (29/11/2013), since it was the 
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final harvest. Weeds were not controlled because they were observed during the experiment to 
determine whether the N and lime treatments were promoting weed growth. However, GallantTM 
Ultra at 2.5 ml/10 L water with a surfactant at 200 ml/10 L water was applied on October 15, 
2013 after H5. That was a spot spray to control the winter grasses that grew over the winter 
period. Crown rot disease was also spotted on some of the plots during the winter, but no control 
measure was taken because it was a minor case and the plants were recovering. 
 
3.4 Experimental measurements 
 
 
The main parameters measured were: the  DM yield of the lucerne, herbage N and other nutrient 
concentrations (especially P, S, K, Ca, & Mg), N fixation, soil mineralisable N and the 
estimated/calculated N balance of the site. Other parameters included nodulation, soil nutrient 
and pH, and soil moisture status of the site, and weather data. Light intensity, plant height and 
weed composition were also measured. 
 
3.4.1 Yield and generation of annual data set 
 
The biomass of the lucerne stand was harvested progressively over the entire growing season. 
The harvests were frequent during spring, summer and autumn (October 2012-November 2013).  
A 0.2 m2 quadrat was used to collect one quadrat per subplot. This was done at a 7-9 week 
intervals in a growing season except H5 (26/09/013), which was done after 22 weeks of regrowth 
because the lucerne stand was allowed to grow untouched during the 2013 winter period. In other 
words, the number of weeks within a growing season was variable, depending on the date of urea 
N fertiliser applications (see Section 3.3) and the four distinct climatic seasons. Thus, the lucerne 
stands in this experiment were harvested late compared with usual grazing period of 3-5 weeks 
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of regrowth in NZ (D. Moot pers. comm., September 11, 2014). The lucerne including the 
weeds, within the quadrat were harvested using a grass clipper by cutting down to 4 cm above 
ground level to avoid damaging the lucerne crown. Representative lucerne areas within each plot 
were chosen and harvested. These samples were oven dried at 60 °C for 72 hours. Dry matter 
weights or yields were then recorded in grams (g) using an electronic scale to two decimal 
places. The top 10-15 cm (softer or palatable parts of the plants) were snapped off, together with 
the leaves and were kept for plant nutrient and quality analyses. The DM contents of the 
herbages were then calculated from the quadrat oven dry weigths.  
 
The entire lucerne stand on the experimental block was  mowed down to 4 cm by a tractor or a 
mower after taking the quadrat biomass samples. The cut herbages were removed from the 
experimental site. The  first successive harvest (H1) was a spring measurement from 2012 while 
H2 and H3 were taken during summer in 2013. The only autumn measurement was H4, followed 
by another set of spring measurements from 2013, which were H5 and H6. Nevertheless, H5 was 
from the winter regrowth period.  
 
The annual (12 months) cumulative DM yield data sets were also calculated from  H1-H6 data 
sets. This was done by using H2-H6 data sets while omitting the data sets for H1. This procedure 
was applied on the main parameters including DM yields, %N concentrations, N uptakes and 
fixed N. This was done because the experiment was conducted for more than one calendar year 
(15 months). This set of annual data generated was used to calculate N fixed in kg/t DM, the 
yearly N balance and the economics of the extra DM produced by the treatments (see Chapter 5).   
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3.4.2 Plant N concentrations and N off-takes 
 
 
The dried plant material was ground with a Retsch Grinder® having a 1 mm sieve (Figure 3.2) at 
18000 revolutions per minute (rpm). About 2-3 g of the ground samples per plot underwent 
laboratory (lab) examination for 15N and total N analyses at University of Otago in NZ. The 
samples were further dried at 50 °C for 16 hours and then finely ground in a mill or by mortar 
pestle depending on sample size. They were then put through EA-IRMS (Elemental Analyser 
Isotope Ratio Mass Spectrometry) to determine the 15N and total %N concentrations of the DM. 
These data and the DM data calculated in kg/ha were then used to calculate the N uptakes of the 
DM and the fixed N for each growing season (refer Section 3.4.6). 
 Fig. 3.2 Biomass samples ground with Retsch grinder at 18000 rpm 
 
3.4.3 Height and light interception 
 
Plant heights and light interception were measured over the duration of the experiment to see if 
there was any relationship with yields. The heights of the tallest shoots within a lucerne stand 
were taken while disregarding the shorter ones. An average height measurement of 10 plants per 
plot was taken per week, commencing from the February growing season through to the 4th 
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harvest in April 2013 as no measurements were taken over the winter period. This was then 
continued from late September through to the final harvest in November 2013.   This was done 
using a meter ruler.  
 
Meanwhile, a weekly light interception was also measured using a ceptometer to record the 
fraction or percentage of light intercepted by the lucerne canopy (Figure 3.3). Four readings were 
taken at 1 m above the lucerne stand of each plot to record the total sunlight from the open air, 
followed by another 10-12 readings near ground level to record the amount of light transmitted 
through the lucerne canopy. The ceptometer, then automatically calculated the average fraction 
or percentage of light transmitted through the canopy and was directly read from the screen. The 
difference between 100% and the proportion read off from the screen was the fraction or 
percentage of light interceptance per plot (Equation 2). These measurements were recorded two 
weeks after mowing the legume stand when the regrowth was around 15-20 cm tall and also 
during each harvest.  
 
% light interceptance per plot = 100% - average % transmitted light  Equation 2 
 
 
3.4.4 Weed measurements  
 
 
The presence of weeds was assessed at each harvest to see if any weed growth was being 
promoted by the lime and fertiliser application. The weeds were separated from the lucerne if the 
weeds within the quadrat either reached or exceeded 10% of the total weight. That is the total 
fresh weight of both lucerne and weeds within the 0.2 m2 quadrat at harvest. A visual observation 
and estimation of the weed composition within the plots was done prior to harvesting to decide 
whether a weed composition measurement was required. In this case, there were >10% weeds in 
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H5 only. Thus, they were separated from the lucerne plants during this harvest and their DM 
contents were recorded separately to determine the weed percentage composition.  
Fig. 3.3 Measuring weekly plant height with a meter ruler and light interception with a ceptometer 
 
 
3.4.5 Soil N status  
 
 
Immediately following each biomass harvest, each subplot was soil sampled. This was done 
using a 15 cm height x 2.5 cm diameter soil corer to determine the soil nutrient contents. Around 
8-10 cores were taken per subplot to a depth of 15 cm (Figure 3.4). The soil cores were then cut 
in half with a small knife at 7.5 cm whereby 0-7.5 cm was the top soil while 7.5-15 cm was the 
sub soil and were kept separately. While doing this, around 20-30 soil cores were also taken from 
the weed plot. They were stored in a refrigerator at 3 °C to prevent N transformation and microbe 
activities prior to nutrient analyses. The samples were later bulked according to the +/0 N 
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treatments at 0-15 cm soil depth, of three replicates each. Around 4-5 g of each of the bulked soil 
sample of the two treatments, including the ones from the weed plot were sent to the Analytical 
Research Laboratory Limited (ARL) in Napier, NZ for soil anaerobic mineralisable N 
measurements. Meanwhile, six bulked soil samples of the six main treatments and a weed plot 
soil sample from H6 were sent for soil pH and a standard suite of nutrient analyses to understand 
the changes of soil fertility status over the duration of the experiment. 
 
Fig. 3.4 Taking soil cores (8-10) with a 2.5 cm diameter soil corer at 15 cm soil depth per plot and halved with 
a small knife 
 
The mineralisable N was determined with a modified method of Waring and Bremner (1964) and 
Keeney and Bremner (1966). Soil pH was measured with a water soil ratio of 2.5:1 according to 
Blakemore et al. (1987), while Olsen P was determined by the Olsen et al. (1954) method. The 
method of Searle (1979) was used to measure the extractable soil sulphate. Soil mineralisable N, 
and standard soil fertility analyses were also conducted on the weed area soil. 
 
 
 
 
 
 
51 
 
3.4.6 Nitrogen fixation  
 
Nitrogen fixation of the lucerne was determined using the 15N natural abundance method. This 
involved selecting reference weed plant samples from the 180 m2 weed plot that was laid 
alongside the main experimental block. It was assumed that these plants would contain a 
‘background’ level of N contained in non-N fixing plants (Figure 3.5). The weed plant species 
used in this experiment were broad-leaved dock (Rumex obtusifolius) and dandelion (Taraxacum 
officinale) (Figure 3.6). They survive summer dry environments because they have deep tap 
rooting systems similar to lucerne. No urea fertiliser was applied on them. The weed samples 
were collected at the same time that the lucerne plots were harvested.  Soil samples were also 
taken from the weed plot. The weeds were mowed together with the lucerne stand after 
sampling. Prior to establishing the experiment, original biomass samples of the lucerne and 
weeds (dock and dandelion) and soil samples were also taken. This was done to establish the 
initial background nutrient status and N balance, for background N fixation values. 
 
Fig. 3.5 The 15N natural abundance equation for calculating fixed N (adapted from Unkovich et al., 2008)  
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Fig. 3.6 Dock and dandelion used as reference plants in this experiment wthout urea N application 
 
To determine N fixation by the 15N natural abundance method, the lucerne and weed herbage 
samples were dried and ground. About 2-3 g of these ground samples underwent 15N analyses by 
mass spectrometry (Unkovich et al., 2008). This analysis was conducted to obtain %N 
concentrations and delta 15N (δ15N) present in the tops of the lucerne and weed DM. The 
equation from Brown and Moot (2004) was used to obtain the %N in the stems or unpalatable 
proportion of the herbage because they were not measured during the lab analysis. The equation 
is limited to 5 t DM/ha where quality (palatability and %N) of lucerne stand declines with 
increasing DM yields. D. Moot pers. comm. (October 9, 2014) states that any lucerne stand that 
gives yield above 5 t DM/ha will still have a palatability DM proportion of 2-3 t DM/ha, which 
the equation does not cater for. Hence, those treatment plots with yields between 5 and 7 t/ha in 
this experiment were given 3 t DM/ha of palatability and those with yields above 7 t/ha were 
given 2 t DM/ha (D. Moot, pers. comm., October 20, 2014). The remaining DM weights were 
regarded as unpalatable. The %N concentration proportion of the unpalatable herbages was 
calculated using the equation. The palatable proportion of the herbage still maintained their lab 
analytical %N concentration data. This was because they were numerically similar to the %N 
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concentration data generated by equation on the palatable proportion of the herbage. This also 
raised confidence that the calculated %N values of the unpalatable plant parts would not have 
any major effects on the end results of other values like fixed N or N balance.  The calculated 
data sets together with the 15N analytical data from the lab were then used to calculate the total 
%N, fixed N and N off-takes by the lucerne crop. The total crude protein (CP) were obtained by 
multiplying the total %N concentrations with the constant CP of 6.25 and the DM yields (kg/ha). 
 
A modifeid version of Unkovich et al. (2008) Equation 3, developed by  Black (2013, unpub.) 
was used to calculate the %Ndfa fixed  by the lucerne stand.  Where %Ndfa stands for 
percentage N derived from fixation and δ15N stands for the 15N measured by the laboratory 
analysis in the DM of either the N fixing or the reference plants. An average value of δ15N for 
dock and dandelion was used in this calculation. This equation was used because Steele et al. 
(1983) found that translocation of fixed N for lucerne within both below and above ground 
biomasses was zero (0) on NZ soils, meaning the N translocation was equal. This N translocation 
value (B value) is also needed in the equation in Figure 3.5. This has to be obtained from a 
published source, which is regionally recognised for %Ndfa calculations. However, for NZ soils, 
the only published B value is zero from Steele et al. (1983). As such, the modified equation was 
used to calculate the %N fixed  by this lucerne stand. Yet, it could be more common or simple to 
report the amount of N fixed by the crop in kg N/ha. Therefore, Equation 4 was used to convert 
the %N fixed into kg N/ha. This was then further converted into kg N fixed/t DM/yr via Equation 
5. Where 1000 kg is equal to 1 ton and thus, an inverted calculations has to be done to arrive at 
kg N fixed/t DM/yr. While knowing the total %N present in the DM of a crop, it is possible to 
calculate the total amount of N off-takes or contents of the crop in the DM. Hence, Equation 6 
was used to determine the total amount of N present in the lucerne DM.  
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%Ndfa = δ15N of reference plant - δ15N of N fixing plant 100     Equation 3 
   δ15N of reference plant    1 
 
 
Crop N fixation (kg N/ha) =  kg DM/ha x (%Ndfa/100) x (% total N/100)  Equation 4  
 
 
kg N fixed/t DM/yr = 1000 kg ÷ (kg DM/ha/yr ÷ kg N fixed/ha/yr)   Equation 5 
 
 
Total N off-takes or contents (kg N/ha) = kg DM/ha x (% total N/100)  Equation 6 
 
3.4.6.1 15N in lucerne herbage and urea 15N 
 
It was hypothesised that the isotopic signature (δ15N) of N from urea was similar to the N from 
the atmosphere because the nitrogen atoms in urea are originally from atmospheric N via the 
Haber process (D. Black, pers. comm., September 15, 2014). It was further hypothesized that 
urea was having confounding or confusing effects on the N fixed results. Samples (10 g) of the 
urea fertiliser (46% N) used in the experiment were ground and sent for δ15N analysis at  
University of Otago where four repeated δ15N analyses were done. This was done to prove 
whether there was any confounding effects on the fixed N by the urea N.  The mean value of the 
urea δ15N data was compared with the δ15N of the lucerne and the reference (weed) plants. This 
value was numerically similar to δ15N of the lucerne herbage from the 0N and the reference 
plants and was equal to the atmospheric δ15N provided by the lab for the lucerne and the 
reference plants. It was similar also to those δ15N obtained on lucerne DM from MsAgSc 
research conducted by D. Black (pers. comm. October 3, 2014), because he did not apply urea N. 
However, the δ15N in the herbage from the +N plots in this experiment were different. In other 
words, they were numerically higher than the δ15N of the urea. There were still positive surplus 
(differences) when subtracting the δ15N of urea N away from the δ15N of the +N plots. Even 71% 
of the δ15N data from the 0N plots had positive surplus while only 29% had negative surplus. 
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These differences obtained were even fixing N (Appendix 1, Table 1.a) when tested using 
Equation 3. Thus, the hypothesis of confounding effects by urea N on the fixed N from the +N 
lucerne stands was ruled out. This further established confidence in N balance calculations by 
doing simple additions and subtractions on the inputs and outputs of N in the soil-plant systems.  
 
3.4.6.2 Nitrogen balance calculations 
 
Equations were developed to determine the N inputs and outputs in the soil plant-systems. A 
similar equation was given by Cameron et al. (2013) to describe the availability of mineral N in 
the soil. In this study, the equations were formulated based on inputs and outputs, assuming that 
all N uptakes (outputs) in the DM of the +N plots would be from the urea-N source, while for 0N 
plots would be from the fixed N and for the reference plants would be from soil N. In that way, 
the fixed N was distinguished from the urea-N. The initial and the final mineralisable N data 
were also used in the calculations to distinguish the latter two N types.  Thus, calculations were 
done by N inputs minus the N outputs. The N inputs in the system were: initial total amount of 
mineralisable N (IMN), mineralisable N (MN) after the experiment, which were the data from 
the bulked soil samples (MNB), fixed N (FN) and the total amount of urea N (UN) applied over 
the entire experimental period. The N outputs were: N uptake (NuT) and the amount of UN not 
present or taken in by the +N plots. The annual cumulative mean data for the FN, NuT and total 
urea N (TUN)  applied were used in these calculations. Thus, the net N balance (NNB) was 
calculated using Equation 7. In doing so, the UN uptake (Equation 8), UN use efficiency 
(UNUE) of the lucerne stand (Eguation 9), N loss (Equation 10) and the reduction or substitution 
in N fixation (RNF) (Equation 11) and mineralisable N input or depletion (MNI; MND) 
(Equations 12 & 13) were also calculated. The units are in kg N/ha/yr, but % units are shown 
where it is due. The proportion of N that was not taken in by the herbage of the +N plots against 
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the fixed N were considered to be lost (leached or volatilised or immobilised). This was because 
such N losses via these lost pathways were not monitored  and quantified in this project. 
 
NNB = MNB – [(IMN + UN + FN) – NuT]      Equation 7 
 
 
UN uptake of +N plots  =  NuT – FN       Equation 8 
  
 
UN loss = TUN applied – NuT       Equation 9 
 
 
%UNUE of +N plots = (NuT – NF)      x  100      Equation 10 
                                        TUN applied         1 
 
 
%RNF  = NF of 0N plot – NF of +N plot    x  100       Equation 11  
   NF of 0N plot       1  
 
 
MN input or depleted  = MNB - IMN      Equation 12 
 
 
% MN input or depleted  = MNB - IMN x 100     Equation 13 
           MNB       1 
 
Note: A positive answer means gaining or input and the opposite can be true. 
 
 
3.4.6.3 Economics of using fertiliser and lime on dryland lucerne 
 
The annual economic mean value or the gross margin on DM yield response against the control 
plots were then calculated if they were to be sold as hay. The extra annual mean DM (EDM) 
yields were determined via Equation 14. The selling price was extimated as $0.30/kg DM. This 
was used to determine the revenue (Equation 15) of the EDM produced. The cost per kilo of urea 
46% N was obtained from ravensdown.co.nz (August 25, 2014), which is one of the fertiliser 
companies in NZ. Then a back calculation (Equation 16) was done to get the cost per kilo of 
straight N. The average costs on fertiliser transportation and application (CFTA) and hay making 
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(HM) were estimated using the LU financial budget manual 2010 (Pangborn, 2010). The total 
cost of N fertiliser (TCNF) used to grow the EDM was calculated via Equation 17. The cost of 
UN lost  and amount of fixed N reduced (FNR) by the UN application was determined with 
Equations 18 and 19, respectively. The cost of reduction or substitution effects on N fixed was 
considered because that much was lost in light of growing the EDM. Finally the gross margin 
was calculated using the principal financial equation ($ Profit = $ revenue – $ expense) in mind 
(Equation 20). The cost of UN lost was not included separately in Equation 20 because it was 
already included in the answer of Equation 17. The units are in dollars/ha/yr and kg/ha/yr. Many 
of the costs like weed management, and administration were not added in this gross margin 
(GM) or net income (NI) calculations. The cost of transportation may even increase depending 
on the distance of the location of a farm. For example, the distance of transporting fertiliser used 
in this calculation was 10 km. The fattening of livestock with these EDM to get milk and meat 
products  for sales and their associated costs were not considered. 
 
EDM = Mean DM yield of +N plots – Mean DM yields of 0N plots   Equation 14 
 
$ Revenue EDM =  EDM x $0.30       Equation 15 
 
$/kg straight N = $/kg of UN ÷ (46/100%)       Equation 16 
 
 TCNF EDM ($) = Answer of Equation 16 x EDM      Equation 17 
 
$ UN lost  = UN lost  x Answer of Equation 16     Equation 18 
 
$ FNR =  FNR x Answer of Equation 16      Equation 19 
 
Gross margin =  $EDM - ($TCNF EDM+$FNR+ $CFTA + $HM)   Equation 20 
 
Note: A positive answer means gaining or profit and the opposite can be true. 
 
In addition, the ratio of every kilo of fertiliser used to grow the kilo of EDM prouduced 
[(fertiliser response growth ratio (FRGR)] was also calculated (Equation 21).  
58 
 
FRGR  = EDM ÷ TUN applied      Equation 21 
  
3.4.7 Nodulation and root orientation 
 
Around 3-4 lucerne plants were dug up per subplot for nodulation determination during each 
successive harvest. This was a visual observation made throughout the experimental period. The 
nodule scoring system (Table 3.2) of Rice et al. (1977) was used to identify and measure the 
size, number, position and the flesh colour (dark pink, an indication of N fixation) of the nodules. 
Root orientations were also observed. They were seen to be growing vertically to soil depth 
beyond 30 cm (Figure 3.7). However, after the final harvests (H6), two 60 cm depth soil pits 
were dug. One was in one of the control+N plots while the other was on one of the L+N 
treatment plots to compare the effects of liming on soil pH and root growth. 
 
Table 3.2 Nodule scoring system of Rice et al. (1977) used to assess nodulation during H6 
Nodule characteristics Criteria Score 
Colour 90-100% pink 4 
70-89% pink 3 
50-69% pink 2 
30-49% pink 1 
0-29% pink 0 
Number ˃ 20/plant 2 
5-20/plant 1 
1-5/plant! 0.5 
None 0 
Position* 60-100% crown 2 
20-59% crown 1 
0-19%crown 0 
Size ˃ 10 mm diameter 2 
3-10 mm diameter 1 
˂ 3 mm diameter 0 
*Plants with nodules on the first 50 mm of taproot or on lateral roots within 10 mm of this taproot region were 
considered to be crown-nodulated. ! This 1-5 nodule number per plant was inserted by (Berenji pres. comm., July 
12, 2014) to cater for the 1-5 nodules observed during his experiment at Lincoln University for his PhD thesis. 
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Fig. 3.7 Rooting orientation and nodule observations during the experimental period  
 
3.4.8 Soil moisture and climate data 
 
 
Soil moisture data were obtained from neutron probe measurements taken from the 23 month old 
larger lucerne block, assuming that the moisture status would be similar as this project was 
established on its headland. The LU dryland research team collected these data using time 
domain reflectionary (TDR) rods placed at 0-25 cm soil depth with an electronic Trase Systems 
Backpack (Mini Trace) soil moisture reader. At the same time, readings from the soil moisture 
probe tubes at 25-225 cm soil depths were taken using a Troxler Neutron probe. The two 
machines were used simultaneously because the Troxler Neutron probe does not detect the soil 
moisture between 0 and 25 cm soil depths. The data available were recorded fortnightly, starting 
March through to early December 2013 within the experimental period. They were then 
converted into soil water by multiplying them with a factor of 2 mm soil water for every 20 cm 
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soil depth (A. Mills, pers. comm., October 17, 2014). The weather data (rain fall, solar radiation 
and temperature) during the experimental period were obtained from LU FSC mini weather 
station. Long term weather data were also obtained from Broadfields Metrological Centre, 
located a km north of the experimental area. 
 
3.5 Statistical analyses 
 
Data collected were analysed (analysis of variances-ANOVA) using GenStat Sixteenth Edition 
(2013). Split plot or repetitive measures in time or space were then applied to detect any 
significant differences and relationships between the main and subplots and also the harvest 
dates. The fixed effects were the lime and fertiliser treatments, and the main response variables 
included: dry weights of the lucerne, N balance and fixation of the legume, total percentage N 
concentration in the DM and mineralisable N, particularly during spring, summer and autumn. 
Other analyses included: nodulation, height versus yield measurements, or light interception, and 
weed composition. Two-way ANOVA was applied to the mineralisable N data to determine any 
significant differences and relationships between the treatments and the harvest dates. A least 
significant difference (LSD) test was applied to separate the significant differences between the 
means of the data to detect treatment effects. 
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Chapter 4: Results and discussion  
 
4.1 Results  
 
4.1.1 Introduction   
 
 The DM yields and other parameters such as plant heights and soil mineralisable N measured 
during the six sequential harvests (H1-H6) were significantly (P<0.05) influenced by the subplot 
N treatments (+/0 N) and also the harvest dates (HD) or their combined effects throughout the 
experimental period. The main fertiliser or lime plots had no effects on the measured parameters, 
nor interactions (P>0.05)  with the subplots or the HD, unless otherwise stated. Therefore, the 
ANOVA results for the six individual harvests are presented in the appendix sections 
(Appendices 2.a-5.g). Only the ANOVA results on the subplots against the HD and their 
cumulative annual (12 months) means are mentioned in this section. Other supporting 
information such as climate, soil fertility status and mineralisable N are also reported.   
 
4.2 Dry matter yields at the different harvest dates  
 
The DM yields over the entire experimental period (Table 4.1) were significantly (P<0.001) 
influenced by the +/0 N treatments and the HD. The mean DM yields had no significant 
differences within the +/0 N treatments. Grand mean yield ranged at 4-6 and 3-5 t DM/ha for the 
+N and 0N plots, respectively. Highest yields were observed during mid-summer and were 
similar to the two spring harvests. They averaged 6 and 5 t DM/ha for the +N and 0N treatments, 
respectively. The lowest yields were recorded during autumn (H4).  
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Table 4.1 The average yields in kg DM/ha for all treatments at the different harvest dates (H1-H6)  
Harvest dates Treatments Main plots Sub treatments +/0 N DM yields 
+N 0N 
November 21, 2012  
 
 
H1 
 
 
 
Control 4969 5307 4630 
Lime (L) 5619 5935 5302 
LPS 5467 6059 4875 
LS 5361 5982 4740 
PS 5602 6314 4890 
S 4821 5404 4237 
Grand mean 5306 5834 4779 
January 7, 2013 
 
H2 
Control 5867 6144 5591 
Lime (L) 5727 6237 5216 
LPS 5511 6190 4832 
LS 5204 6135 4272 
PS 6666 7305 6026 
S 5796 6216 5376 
Grand mean 5795 6371 5219 
February 24, 2013  
 
 
H3 
 
 
 
Control 4153 4400 3906 
Lime (L) 3891 4021 3761 
LPS 4469 4595 4344 
LS 4302 4675 3929 
PS 4139 4941 3337 
S 4072 4584 3561 
Grand mean 4171 4536 3806 
April 26, 2013  
 
 
H4 
 
 
 
Control 4153 3681 3648 
Lime (L) 3477 3530 3423 
LPS 3384 3662 3105 
LS 3474 3669 3280 
PS 3605 4039 3170 
S 7304 4012 3395 
Grand mean 3551 3766 3337 
September 26, 2013  
 
 
H5 
 
 
 
Control 5016 5010 5021 
Lime (L) 5793 5506 6079 
LPS 4992 5481 4502 
LS 4988 4950 5025 
PS 5800 5271 6329 
S 5283 5660 4906 
Grand mean 5312 5313 5310 
November 29, 2013  
 
 
H6 
Control 6307 6715 5900 
Lime (L) 5707 6235 5179 
LPS 5962 6626 5299 
LS 6267 6422 6111 
PS 5422 6056 4787 
S 5975 6732 5217 
Grand mean 5940 6465 5416 
Overall grand mean 5013 5381 4645 
P (0.05) ns  *** 
LSD  1119.1 
Standard error  618.5 
CV (%)  17.4 
Note: ns = non-significant; *** significant at P<0.001; ** significant at P<0.05; * significant at P≤0.05. 
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4.2.1 Annual cumulative DM yields 
 
The 12 month cumulative DM ANOVA results are summarised in Table 4.2. Data showed 
significant (P<0.001) mean yield differences between the subplots, and no effects (P>0.05) from 
the main plot treatments.  The mean yields from the +N plots were high, with yield differences 
ranging from 2-5 t DM/ha/yr against the 0N plots. Yet, their grand mean yield difference was 
only 4 t DM ha/yr against the 0N plots, though these +N subplots received a total of 813 kg N/ha 
in six applications over the experimental period.  
 
Table 4.2 Annual cumulative mean yields in kg DM/ha/yr 
Treatments Main plots Sub treatments +/0 N 
+N 0N 
Control 26002 26964 25041 
Lime (L) 25562 26718 24405 
LPS 25719 28293 23146 
LS 25323 27148 23498 
PS 26998 29519 24478 
S 25570 28118 23022 
Grand mean 25862 27793 23932 
P (0.05) ns *** 
LSD  2974.8 
Standard error  1462.1 
CV (%)  8.3 
  
 
4.2.2 Annual cumulative palatable and unpalatable proportion of the DM yields 
 
The mean palatable proportion of herbage on the 0N plots were significantly (P<0.001) higher 
than +N plots (Table 4.3). The palatable proportion was 39-45% within the 0N plots compared 
with the +N plots at 30-35%. Generally, palatability decreased proportionally with increasing 
DM yields. The 0N plots, having lower DM yields, had the highest palatable %DM compared 
with the +N plots, though they all were harvested at the same age.  
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Table 4.3 Annual cumulative mean palatable and unpalatable proportion of the harvested DM 
Treatments Palatable (%) Unpalatable (%) 
Main plots +N 0N Main treatment +N 0N 
Control 38 35 41 62 65 59 
Lime (L) 37 34 39 63 66 61 
LPS 39 33 45 61 67 55 
LS 38 34 43 62 66 57 
PS 35 30 39 65 70 61 
S 39 33 45 61 67 55 
Grand mean 38 33 42 62 67 58 
P (0.05) ns   *** ns  *** 
LSD  7.0  7.0 
Standard error  3.4  3.4 
CV (%)  14.9  9.0 
  
4.3 Weed content 
 
All harvests had zero to very low percentage weed contents, except for H5 (Table 4.4). There 
was a significant difference (P<0.05) between the weed composition percentages of both main 
and the sub treatments. There was also a relationship (P≤0.05) between the main and the 
subplots. The 0N subplots averaged 20% weeds compared with 17% and 15% for +N and main 
treatment plots, respectively. The LPS treatment promoted more weed growth (27%), compared 
with other treatments. 
 
Table 4.4 The average percentage (%) weed contents in the herbage of H5 on September 26, 2013  
Treatments Main plots Sub treatments +/0 N 
+N 0N 
Control 18a 16 20 
Lime (L) 12a 10 13 
LPS 27b 20 33 
LS 14a 15 13 
PS 18a 16 20 
S 16a 11 21 
Grand mean 17 15 20 
P (0.05) ** *** 
LSD 8.6 
Standard error 2.2 
CV (%) 26.8 
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4.4 Climate 
 
4.4.1 Rainfall and temperature  
 
The total monthly rainfall range between September 2012 and December 2013 was 25-251 mm 
(Figure 4.1). Around 90-251 mm of rainfall was received from May to June followed by the 
spring periods compared with summer and autumn months. Generally, this was a dry and warm 
year compared with the long term overall weather pattern of Lincoln (Figure 4.2). The daily 
average overall air temperatures for the months ranged from 7-18 °C while maximum and 
minimum temperatures ranged from 11-24 and 3-11 °C, respectively. The coldest period was 
June to August, when the average overall daily air temperature was 7-9 °C between maximum 
and minimum of 11-14 and 3-6 °C, respectively. The warmest period was December 2012 to 
March 2013 and then December 2013 in summer. The warmest month was January 2013 with a 
daily overall mean air temperature of 18 °C, and 24 and 11 °C maximum and minimum, 
respectively. Solar radiation and light interceptance recorded are presented in Appendices 7-8. 
 
The 52 year (1960-2012) long term average monthly climate data (Figure 4.2) shows a stable 
weather pattern for Lincoln. The mean monthly rainfall in Lincoln is 43-64 mm with an annual 
total rainfall of around 633 mm. The rainfall steadily increases from September through to 
December. This is during the spring, through to the beginning of summer. Monthly rainfall then 
drops in January and February before it increases to reach a peak during July and August in 
winter. The long term pattern shows 40-45 mm of rainfall is received during the summer and 
autumn months with 45-65 mm during winter and spring. The summer months (December-
February) account for the highest monthly mean temperature at 15-17 °C followed by 21-22 and 
10-11 °C maximum and minimum, respectively. In autumn (March-May), the overall monthly 
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This was the result of high rainfall received during that period. Overall, the months of July, 
October and November soil moisture levels were fairly stable at all depths in range, followed by 
December. 
Fig.4.3 Total daily rainfall (▌) and total soil water (●) in mm recorded during the duration of the experiment 
(no soil water data available for Aug 2012-Feb 2013) 
 
4.5 Soil analyses 
 
4.5.1 Initial and final soil fertility and pH status 
 
 
The soil pH of 5.9 on the site prior to establishing the experiment (Table 4.5) was around the 
optimum levels for both ‘A’ and ‘B’ horizons (0-7.5 and 7.5-15 cm soil depths). Consequently, 
the soil exchangeable Al content was low at 0.8-1.0 mg/kg. Ultimately, the anaerobic 
mineralisable N was at medium levels of 145 and 117 kg N/ha for ‘A’ and ‘B’ horizons, 
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respectively. This was the total initial mineralisable N status of 262 kg N/ha (145 + 117 = 262) at 
0-15 cm soil depth for the experimental site. The total N and total C were at optimum levels also. 
Meanwhile, Ca (8.1 me/100g soil), C/N ratio and CEC contents at both soil horizons were high 
whilst the base saturation (%) was very high.  However, all the other nutrient elements were 
below their critical levels. Thus, the site fertility status was at a medium level to start with.   
 
Table 4.5 Initial soil fertility and pH status (0-15 cm depth) of the experimental site prior to establishment 
Properties 
 
Analysis level/status Units Optimum
/critical 
level 
Remarks/ratings 
A  horizon 
(0-7.5 cm) 
B horizon 
(7.5-15 cm) 
pH 5.9 5.9  5.8-6.0 Optimum 
Olsen P 15 13 ug/mL 20-30 Low 
Sulphate S 6 5 ug/g 10-12 Very low 
Extractable Organic S 6 4 ug/g 15-20 Very low 
Anaerobic mineralisable N 145 117 kg/ha 100-150 (Total 262 kg) Medium 
Organic matter (OM) 4.6 4.4 % w/w - - 
Exchangeable Al 1.0 0.8 mg/kg - Optimum 
Total N 0.23 0.22 % w/w >0.3 Optimum 
Total C 2.65 2.55 % w/w <3.0 Optimum 
C/N 12 11 ratio <10 High 
CEC 13 13 me/100g >0.7 High 
Calcium (Ca) 8.1 8.1 me/100g 4-10 High 
Magnesium (Mg) 0.98 0.88 me/100g 8-10 Very low/limiting 
Potassium (K) 0.57 0.28 me/100g 5-8 Very low/limiting 
Sodium (Na) 0.23 0.21 me/100g 1-10 Very low/limiting 
Base saturation % 
Ca 60.6 62.6 % - Generally very high 
Mg 7.3 6.8 % - 
K 4.2 2.2 % - 
Na 1.7 1.6 % - 
Total 73.8 73.1 % <30 For base saturation only 
 
 
The soil fertility status report from the bulked soil samples of the main plots (ignoring +/0 N 
treatments) at the conclusion of the project revealed a lower pH within the control (5.0), PS (5.1) 
and S (5.0) plots while those with lime treatments had a pH range of 6.0-6.9 at 0-15 cm soil 
depth, (Table 4.6).  That change occurred within 15 months of the experimental period. Thus, 
exchangeable Al was <0.5 mg/kg soil on the limed plots, while it ranged from 0.9-4.1 mg/kg soil 
on the control, PS , S and  the weed plots. Ultimately, Ca and CEC were high within all the 
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treatment plots, while base saturation % was very high. However, other nutrient elements were 
low on all the treatment soils. Olsen P ranged below the critical level (10-19 ug/mL) on the 
control, L, LPS and S plots, while it was at optimum levels (25 ug/mL) on the PS plots. 
 
4.5.2 Soil mineralisable nitrogen status 
 
There were significant differences (P<0.001) between the mean anaerobic mineralisable N status 
of the soil for both the +/0 N treatments at the different harvest dates (Table 4.7). A relationship 
(P≤0.05) also existed between the N treatments and harvest dates. Mineralisable N was 
consistent at 108 kg N/ha during H1 and started decreasing in availability on both +/0 N plots 
over the experimental period.  Mineralisable N decreased steadily from 108 kg N/ha in 
November 2012 to 68 kg N/ha in February 2013 on the +N plots. It then increased sharply 
between March and September and peaked up to a 112 kg N/ha in November 2013. Within the 
0N plots, mineralisable N increased by 22 kg N/ha between November 2012 and January 2013. It 
then dropped suddenly by 38 kg N/ha in February 2013. However, it started increasing steadily 
from February to September and peaked at 131 kg N/ha in November 2013. The 0N treatment 
soils had a higher mineralisable N content compared with the +N plots. Yet, both +/0 N plots 
were at ‘low’ to ‘medium’ levels of mineralisable N during the entire experimental period as 
compared against the critical levels of 100-150 kg N/ha. Meanwhile, mineralisable N on the 
weed plots ranged from 74-104 kg N/ha. Generally, the site had a decline in mineralisable N 
compared with the initial total status of 262 kg N/ha. The mineralisable N measured during the 
final harvest (H6; Nov 29, 2013) was 112 and 131 kg N/ha for +N and 0N plots, respectively as 
against the initial total amount (262 kg N/ha). Thus, the decline was by almost over 50% of 
mineralisable N, over the experimental period. 
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Table 4.6 Soil fertility and pH status on the main treatment plots at the conclusion of the experiment at H6 (0-15 cm soil depth) 
Properties 
 
Analysis level/status Units Optimum/critical 
level 
Remarks/ratings 
Control L LPS LS PS S Weed plots 
pH 5.0 6.9 6.8 6.9 5.1 5.0 6.0  5.8-6.0 Acidic-optimum 
Olsen P 19 12 19 10 25 18 14 ug/mL 20-30 Low-optimum 
Sulphate S 3 3 14 39 15 14 2 ug/g 10-12 Limiting-high 
Extractable Organic S 4 7 9 11 7 6 2 ug/g 15-20 Low-limiting 
Exchangeable Al 3.5 <0.5 <0.5 <0.5 4.1 3.8 0.9 mg/kg - Generally optimum 
CEC 14 14 15 15 14 15 14 me/100g <6.0 High 
Calcium (Ca) 6.0 12.1 13.4 13.1 6.3 6.5 6.9 me/100g 4-10 High 
Magnesium (Mg) 0.72 0.55 0.55 0.53 0.65 0.72 0.80 me/100g 8-10 Very low/limiting 
Potassium (K) 0.42 0.37 0.42 0.36 0.39 0.41 0.43 me/100g 5-8 Very low/limiting 
Sodium (Na) 0.11 0.08 0.01 0.08 0.08 0.09 0.12 me/100g 1-10 Low-limiting 
Base saturation % 
Ca 42.1 89.0 89.5 89.9 43.7 42.8 48.5 %  Generally very high 
Mg 5.1 4.0 3.7 3.6 4.5 4.7 5.6 %  
K 3 2.7 2.8 2.5 2.7 2.7 3.0 %  
Na 0.8 0.6 0.7 0.5 0.6 0.6 0.8 %  
Total 50.9 96.3 96.7 96.6 51.5 50.8 57.9 % <30 For base saturation 
only 
This is the result of the bulked soil samples for the six fertiliser treatments while ignoring the subplots and was like a mean value for the experimental site. 
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Table 4.7 Average anaerobic mineralisable soil N for the subplots at H1-H6 over the experimental period 
Harvest  dates Mineralisable N (kg N/ha) Optimum/critical levels Ratings or comments 
+N 0N   
 
 
 
100-150 
Nov 21, 2012 108 108 Optimum 
Jan 7, 2013 84 130 Low-medium 
Feb 24, 2013 68 92 Low 
Apr 26, 2013 95 102 Low-medium 
Sep 29, 2013 98 117 Low-medium 
Nov 29, 2013 112 131 Low-medium 
Grand mean 94 113 Low-medium 
P (0.05) ***   
LSD 17.74   
Standard error 6.73   
CV (%) 11.2   
These results are from the soil samples that were being bulked according to +/0 N treatments while ignoring the 
main plots.  It must also be noted that these soil mineralisable N measurements represent single snapshots in time. 
They are not continuous flux measurements. 
 
4.6 Plant nitrogen 
 
4.6.1 Mean herbage N concentrations at different harvest dates 
 
The mean N concentration of the summer harvests (H2 & H3) for the subplots were slightly 
different (P<0.001) from the other harvest dates (HD). There was also an interaction (P = 0.004) 
effect on the mean N concentrations between the sub and the main plots, but no independent 
effects (P>0.05) from the main plots (Table 4.8).  
 
4.6.1.1 Annual cumulative mean %N in the DM 
 
The annual cumulative mean %N concentrations of the DM (Table 4.9) had no significant 
differences (P>0.05).  
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Table 4.8 Total mean %N concentrations in the DM for all treatments at different harvest dates 
Harvest dates Treatments Main  plots Sub treatments +/0 N plots 
+N 0N  
November 21, 2012  
 
 
 
H1 
Control 2.9 2.8 2.9 
Lime (L) 2.7 2.6 2.8 
LPS 2.7 2.6 2.8 
LS 2.7 2.5 2.9 
PS 2.6 2.4 2.8 
S 2.8 2.7 2.9 
Grand mean 2.7 2.6 2.8 
January 7, 2013 
 
 
 
H2 
Control 2.4 2.3 2.4 
Lime (L) 2.4 2.3 2.5 
LPS 2.5 2.4 2.6 
LS 2.6 2.4 2.8 
PS 2.2 2.1 2.3 
S 2.4 2.4 2.5 
Grand mean 2.4 2.3 2.5 
February 24, 2013 
 
 
 
H3 
Control 2.6 2.5 2.7 
Lime (L) 2.7 2.7 2.6 
LPS 2.5 2.6 2.5 
LS 2.6 2.5 2.7 
PS 2.6 2.5 2.6 
S 2.6 2.6 2.6 
Grand mean 2.6 2.6 2.6 
April 26, 2013 
 
 
 
H4 
Control 2.9 3.1 2.8 
Lime (L) 3.0 3.1 2.9 
LPS 3.0 3.1 2.9 
LS 3.0 3.0 3.1 
PS 2.9 2.8 3.0 
S 2.9 3.0 3.0 
Grand mean 3.0 3.0 2.9 
September 26, 2013 
 
 
 
 
H5 
Control 2.7 2.8 2.6 
Lime (L) 2.8 2.7 2.8 
LPS 2.7 2.6 2.7 
LS 2.7 2.8 2.7 
PS 2.5 2.7 2.3 
S 2.7 2.7 2.7 
Grand mean 2.7 2.7 2.6 
November 29, 2013 
 
 
H6 
Control 2.3 2.3 2.4 
Lime (L) 2.4 2.4 2.3 
LPS 2.4 2.3 2.6 
LS 2.3 2.3 2.4 
PS 2.5 2.5 2.5 
S 2.4 2.3 2.5 
Grand mean 2.4 2.3 2.4 
Overall grand mean 2.6 2.6 2.7 
P (0.05) ns  ** 
LSD  0.3 
Standard error  0.2 
CV (%)  9.9 
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Table 4.9 The annual mean cumulative %N concentrations of the DM  
Treatments Main plots  Sub treatments +/0 N  
+N 0N 
Control 2.4 2.4 2.5 
Lime (L) 2.5 2.5 2.5 
LPS 2.5 2.4 2.5 
LS 2.5 2.4 2.5 
PS 2.4 2.3 2.5 
S 2.5 2.4 2.6 
Grand mean 2.5 2.4 2.5 
P (0.05) ns  ns (P = 0.074) 
LSD  0.2 
Standard error  0.1 
CV (%)  6.2 
    
 
 
4.6.2 Mean N off-takes at the different harvest dates  
 
 
Both the HD and the sub treatments had individual influence (P<0.001) on the N uptakes of the 
DM (Table 4.10) over the duration of the experiment. Yet, there were no interaction effects (P = 
0.994).  The grand mean N off-takes ranged at 112-146 and 98-135 kg N/ha for the +N and 0N 
sub treatments, receptively. The N off-takes during H2 were higher, followed by the spring and 
winter harvests (H1, H5 & H6), compared with the late summer (H3) and the autumn (H4) 
harvests. 
 
4.6.2.1 Annual cumulative mean N off-takes 
 
The annual cumulative mean N off-takes in Table 4.11 shows that +N plots persisted in 
removing higher amounts of N.  Yet, with an LSD of 54 kg N/ha/yr and a grand mean of 627 kg 
N/ha/yr, the means were not different within the subplots, but were different (P<0.001) in 
between the treatments. Hence, the grand mean was 665 and 590 kg N/ha for the +N and 0N 
subplots, respectively. 
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Table 4.10 Mean N uptakes in kg N/ha for the DM at different harvest dates  
Harvest dates Treatments Main plots Sub treatments +/0 N plots 
+N* 0N  
November 21, 2012  
 
 
H1 
Control 141 147 134 
Lime (L) 150 154 147 
LPS 146 155 136 
LS 140 146 134 
PS 144 153 135 
S 135 147 123 
Grand mean 143 151 135 
January 7, 2013 
 
 
 
H2 
Control 138 141 135 
Lime (L) 138 145 131 
LPS 134 142 126 
LS 131 148 115 
PS 146 155 138 
S 139 145 132 
Grand mean 138 146 130 
February 24, 2013 
 
 
 
 
H3 
Control 106 108 104 
Lime (L) 104 109 100 
LPS 112 118 106 
LS 110 113 106 
PS 105 123 86 
S 106 119 93 
Grand mean 708 115 99 
April 26, 2013 
 
 
H4 
Control 107 112 101 
Lime (L) 107 109 105 
LPS 101 112 90 
LS 105 109 100 
PS 101 109 93 
S 105 118 97 
Grand mean 105 112 98 
September 26, 2013 
 
 
 
H5 
Control 133 138 128 
Lime (L) 134 147 121 
LPS 133 143 122 
LS 134 137 131 
PS 143 142 145 
S 141 151 130 
Grand mean 136 143 129 
November 29, 2013 
 
 
H6 
Control 143 149 138 
Lime (L) 141 147 134 
LPS 142 150 134 
LS 145 145 145 
PS 132 146 119 
S 138 152 125 
Grand mean 141 148 132 
Overall grand mean 128 136 121 
P (0.05) ns  *** 
LSD  13.7 
Standard error  9.6 
CV (%)  9.9 
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Table 4.11 The annual cumulative mean N off-takes in kg N/ha/yr in the DM  
Treatments Main plots Sub treatments +/0 N 
+N* plots 0N plots 
Control 626 648 604 
Lime (L) 629 660 598 
LPS 624 668 579 
LS 623 654 592 
PS 634 679 590 
S 628 682 575 
Grand mean 627 665 590 
P(0.05) ns  *** 
LSD  53.8 
Standard error  26.4 
CV (%)  5.4 
 
 
4.6.3 Nitrogen fixation by natural abundance at different harvest dates  
 
The N fixed over the entire growing season was influenced by a combined effect (P = 0.001) of 
the main treatments, subplots and the HD (Table 4.12). However, the main treatment alone had 
no (P = 0.864) effect on the fixed N. The HD and subplot N treatments, did continue to have 
profound effects (P<0.001) on the quantity of N fixed.  The grand means of N fixed between 
each HD ranged from 72 and 133 kg N/ha for the 0N plots. Whereas the +N plots were at 1-144 
kg N/ha. Higher amounts of N were fixed during H2 compared with the other HD. Lowest 
amounts of N were fixed during H5 as expected because it is cold and wet during winter. The N 
fixation was even influenced (P<0.05) by the main treatments during this time (Appendix 5.e). 
The N fixation was reduced significantly (P<0.001) on the +N plots, where control+N and S+N 
did not fix any N. Generally, the 0N plots were fixing higher amounts of N. However, high N 
fixing scenario was flipped over to the +N side during H2 through to H3. Then the scenario was 
shifted back to the 0N plots and remained at that during H4 through to the final harvest (H6).  
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Table 4.12 The mean N fixed in kg N/ha by the lucerne between each harvest date (H1-H6) 
Harvest dates Main treatments Main plots Sub treatment +/0 N plots 
+N 0N 
November 21, 2012  
 
 
H1 
Control 103 81 125 
Lime (L) 89 62 116 
LPS 89 62 116 
LS 92 68 115 
PS 93 68 118 
S 91 79 103 
Grand mean 93 70 116 
January 7, 2013 
 
 
H2 
Control 147 155 139 
Lime (L) 126 129 123 
LPS 139 138 141 
LS 130 136 123 
PS 145 158 133 
S 145 150 139 
Grand mean 139 144 133 
February 24, 2013 
 
 
H3 
Control 97 102 92 
Lime (L) 91 100 82 
LPS 102 112 92 
LS 97 90 104 
PS 95 112 78 
S 103 119 86 
Grand mean 97 106 89 
April 26, 2013 
 
 
 H4 
Control 66 67 65 
Lime (L) 73 72 74 
LPS 63 55 70 
LS 73 59 87 
PS 73 72 73 
S 71 81 62 
Grand mean 70 68 72 
September 26, 2013 
 
 
H5 
Control 30 0  77 
Lime (L) 50 22 78 
LPS 40 16 64 
LS 48 32 63 
PS 48 7 90 
S 11 0  78 
Grand mean 38 1 78 
November 29, 2013 
 
 
H6 
Control 109 87 131 
Lime (L) 100 95 106 
LPS 115 104 126 
LS 119 108 130 
PS 103 114 92 
S 113 115 111 
Grand mean 111 104 116 
Overall grand mean 91 82 100 
P (0.05) ns  ***  
LSD  30.6 
Standard error  15.5 
CV (%)  23.0 
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4.6.3.1 Annual cumulative N fixation 
 
 
The 12-months cumulative N fixation (Table 4.13) shows that 0N subplots were fixing higher 
amounts of N, which averaged at 484 kg N/ha. Whereas the +N plots were at 405 kg N/ha. These 
were equivalent to 21 and 16 kg N/t DM for the 0N and +N subplots, respectively (Table 4.14). 
 
Table 4.13 The annual cumulative mean N fixed by the lucerne crop in kg N/ha/yr  
 
Treatments Main plots Sub treatments +/0 N  
+N* plots 0N plots 
Control 445 390 501 
Lime (L) 434 401 467 
LPS 446 404 488 
LS 453 405 501 
PS 459 440 479 
S 432 393 471 
Grand mean 445 405 484 
P(0.05) ns  *** 
LSD  76.5 
Standard error  37.6 
CV (%)  12.2 
 
Table 4.14 The annual cumulative mean N fixed by the lucerne crop in kg N/t DM 
Treatments Main plots Sub treatments +/0 N  
+N plots 0N plots 
Control 19 16 22 
Lime (L) 18 16 20 
LPS 19 16 22 
LS 19 16 23 
PS 18 16 20 
S 18 15 22 
Grand mean 19 16 21 
P(0.05) ns  *** 
LSD  76.5 
Standard error  37.6 
CV (%)  12.2 
 
 
4.7 Nodule count and root orientation 
The nodulation count during H6 had no statistical significant differences (P>0.05) nor 
relationships between the treatments (Table 4.15).  
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Meanwhile, a visual assessment showed that plant roots were seen to be growing vertically to 
soil depths beyond 20-30 cm. However, upon closer observation on one of the L+N plots after 
H6, the roots grew vertically to a depth of 60 cm. From there, only one root started growing 
horizontally, while the others failed to grow either horizontally or vertically. The roots were 
healthy, thicker and strong. On one of the control+N plots, roots appeared thinner and developed 
lateral roots at 17 cm soil depth.  They then failed to grow beyond 40 cm soil depth, except one 
of the roots continued to grow vertically. It went beyond 60 cm soil depth despite getting thinner 
and weaker (Figure 4.4). The situation was observed after a two year period from the 
establishment of the project. 
 
Table 4.15 The mean nodule score out of ten during H6 on November 29, 2014 
Treatments Main plots Sub treatment +/0 N 
+N plots 0N plots 
Control 1 2 1 
Lime (L) 2 2 3 
LPS 2 1 3 
LS 1 1 2 
PS 2 2 3 
S 1 1 1 
Grand mean 1.7 1.3 2.0 
P(0.05) ns  ns (P = 0.080) 
LSD 2.316 
Standard error 1.134 
CV (%) 85.0 
 
 
4.8 Relationships between the main parameters measured 
 
Scatter plots were drawn to determine further relationships on the main parameters measured. 
This was done particularly for the annual cumulative mean N fixed versus DM yield without or 
with the total N fertiliser (813 kg N/ha/yr) applied for the +N plots during the experimental year. 
Similar scatter plots were drawn for annual mean N fixed versus N uptake. The annual 
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cumulative mean DM versus %N concentrations and palatability were also drawn to determine 
their relationships.  
Fig. 4.4 Rooting orientation observed on September 7, 2014 after H6 on November 29, 2013 
 
The +N plots with low fixed N and higher DM yields were clustering together on their own at the 
top of the graph whilst the 0N plots having the opposing scenarios were scattered below when 
the 813 kg fertiliser N/ha used was  either not added (Figure 4.5.a) or added (Figure 4.5.b)  onto 
the +N plots. This revealed that DM yield and N fixation for the +N and 0N plots had no 
significant relationships as shown by the ANOVA results in Sections 4.2.1 (Table 4.2) and 
4.6.3.1 (Table 4.14), respectively. Meanwhile, +N plots reduced N fixation though their yearly 
DM productions were high compared with the 0N plots.  
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Fig. 4.5 The relationship between the annual N fixed and DM yield without (a) and with (b) N fertiliser; the 
shaded circles are +N and clear circles are 0N plots on the graph  
 
The relationship trends of the annual N fixed versus annual N off-takes (Figure 4.6) were similar 
to that of the yearly N fixed versus DM yields. The +N sub treatments being the highest N up-
takers and lowest N fixers were clustered at the top of the graph compared with the 0N 
treatments (Figure 4.6.a & b). The grouping still reflects no relationships between the subplots.  
 
On the other hand, annual %N concentrations (Figure 4.7a) and the DM yields had a strong 
negative linear relationship. The %N concentration decreased with the increasing amount of DM 
yields. However, the means still reflected the higher %N concentrations of the 0N sub treatments 
compared with the +N plots. The situation was similar to that of the palatability % of the herbage 
(Figure 4.7.b).  Herbage palatability was declining rapidly for the +N plots compared with the 
0N plots with the increase in DM yields. 
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Fig. 4.6 The relationship between the annual N fixed and N uptake without (a) and with (b) N fertiliser; the 
shaded or black circles are +N and clear circles are 0N plots on the graph 
 
Fig. 4.7 The annual DM yield versus annual %N concentrations (a) and DM versus palatability (b). The 
shaded or black circles are +N and clear circles are 0N plots on the graph 
 
4.9 Plant height 
 
 
The significant (P<0.001) interaction effects of the subplots and the HD also influenced plant 
heights measured between January 27 and November 29, 2013. As they were growing plants, the 
heights increased as they grew as indicated in Figure 4.8. Generally, taller plants were observed 
on the +N plots as against the 0N plots. The tallest plants (60-85 cm) in the +N plots were seen 
83 
 
in January and towards the end of February and then around September and November 2013, 
compared with the other growing months. The plants were harvested when they were at 40-85 
cm height on average. 
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Fig. 4.8 The mean weekly heights of the lucerne stand recorded between 27 January and 29 November 2014. 
 
 
 
 
85 
 
4.10 Discussion 
 
4.10.1 Dry matter yields 
 
Nitrogen fertiliser treatment (0/+ N) and harvest dates were the main factors that significantly 
influenced the DM yields during the duration of the project, while the main treatments had minor 
or no effects. Therefore, the increasing amount of lime and fertiliser applied did not influence the 
DM yields. 
 
This result of no effects on lucerne DM yield with increasing fertiliser and lime agrees with that 
reported by Moir and Moot (2010) on the dryland inceptisols of Lees Valley in North 
Canterbury. However, they observed a much lower yield (700-1200 kg DM/ha) than yields 
recorded during each of the harvest in this experiment. Even this lucerne stand was able to give 
the highest DM yields in mid-summer of 2013, though it was a mild dry year when the 
experiment was conducted. The mid-summer yield among the +N treatments ranged at 6-7 t D/ha 
whereas for the 0N plots were at 4-6 t DM/ha. This yield range was similar to that observed 
during the spring yields (H1 & H2). Lucerne giving higher yield in mid-summer could be one of 
its habits as a drought proof because a similar situation was observed by Brown et al. (2000) (see 
Section 2.3.1; Figure 2.4). The cumulative yields of H1-H6 from this experiment were even 
much higher than those previous recorded under dryland environments. The highest yield record 
range of 15-28 t DM/ha/yr was reviewed by Brown and Moot (2004) under both dryland and 
irrigated fields on the Canterbury plains of NZ with irrigated fields having the highest DM 
yields. Similarly, Hussain (1978) reported that lucerne can yield up to 40 t DM/ha annually 
under the irrigated fields of hot dry environments like Saudi Arabia. Comparatively, Moot, et al. 
(2003) reported that an irrigated lucerne stand on a Wakanui silt loam, gave a mean yield of 7 t 
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DM/ha when plant available water was 350 mm during a summer period. This experiment was 
unirrigated on the same soil type. Yet, summer yield from  this exeriment was equivalent to this 
7 t DM/ha (Moot et al., 2003). The cumulative yearly DM yield range was even in line with what 
was recorded from the irrigated fields, and  beyond  those being recorded from unirrigated 
lucerne stands. For instance, the annual cumulative yield ranged from 27-30 and 23-25 t DM/ha 
for +N and 0N plots, respectively. This could be because they were harvested at 40-80 cm tall. 
D. Moot (pers. comm., September 27, 2014) states that lucerne stands are usually grazed or 
harvested when they are at 25-35 cm tall on NZ soils. Also the lucerne might have access to deep 
soil water. In addition, the climate was conducive for lucerne growth, though there was a dry 
period between December 2012 and May 2013 (refer Sections 4.10.3.1-2). 
 
4.10.2 Weed composition  
 
Weeds were not a major problem during the entire growing season of the experiment except in 
H5 after the winter season. These were winter weeds, which were influenced by the combined 
effects of both the main and the sub treatments over time. Lanyon and Griffith (1988), and 
Douglas (1986) expressed concerns that high applications of N and lime on lucerne stands may 
promote weed growth. Nevetheless, the weed compostion on the +N and limed plots were less in 
this experiment compared with the 0N and LPS plots. This could have been the result of no 
grazing during the winter period because it was a cut-and-carry system. Moot et al. (2003) state 
that grazing lucerne stands  in winter controls weeds. However, further research could be needed 
in this area, especillay during wet seasons as this experiment was conducted during a mild 
winter. Also most weeds came from the control plots in this experiment, contradicting  literature 
report concerns of Douglas (1986), and Lanyon and Griffith (1988). 
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4.10.3 Climate 
 
4.10.3.1 Rainfall and temperature 
 
Compared with the long term average rainfall and temperature ranges, this experimental year 
was conducive for high lucerne growth and productivity. The experimental period (15 months) 
received a total rainfall of 1070 mm, compared with the long term total annual mean rainfall of 
633 mm. This 1070 mm was a result of a total monthly rainfall range of 25-250 mm over the 
experimental year whereas the long term yearly mean monthly rainfall range was 40-60 mm. 
This implies that some of the months were fairly dry with a mean daily rainfall distribution of 1-
8 mm during the project. The drier days observed were from December 2012 to February 2013 
and then from July to September 2013. The highest total monthly rainfall of around 250 mm was 
experienced in June followed by 125 mm in May 2013. The total daily rainfall during the two 
springs (2012/2013) of the experimental period ranged at 25-90 mm. The temperature of the 
experimental period was slightly warmer. For example, the maximum temperature range during 
the winter period of the experiment was 14-21 °C while the overall long term mean was 11-20 
°C. Thus, this was a mild winter and a mild year in general. Wynn-Williams (1982) stated that 
such temperature ranges of around 14-25 °C are usually experienced during spring for optimum 
seed germination and plant growth in NZ.  Douglas et al. (1987) add that lucerne survives and 
produces well in drier environments with an annual rainfall range of 300-800 mm. The higher 
yields observed on the dryland lucerne stand in this study could be the result of the warmer year 
with the total rainfall of 1070 mm over the experimental period.  
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4.10.3.2 Soil moisture and soil water 
 
 
The soil moisture % was 15-34% at 0-25cm soil depth, while it was 8-26% at 25-185 cm. They 
were lower than 17-54% soil moisture recorded at deeper soil profiles (185-225 cm). The overall 
soil moisture range was equivalent to a total soil water range of 309-644 mm. There could have 
been a band of gravel materials at the middle layer of the soil (25-185 cm). This could have led 
to higher drainage and low soil water at that depth. The opposite could have been true for the 
lower layer compared with the upper layers. In other words, the deeper profile could have been 
consist of clay pans, with high soil water compared with the upper soil depths. Lucerne, being 
deep tap rooted could have drawn water from that depth. Generally the moisture levels from 0-25 
and 180-225 cm were at optimum to high (15-40%), whereas the moisture levels fell to as low as 
8% at 25-180 cm between March and December 2013.  However, the soil water levels of the 
individual plots in this experiment could have been variable because this data were collected 
from the adjacent larger lucerne plots from around 2-8 soil moisture probe tubes.  
 
Wynn-Williams (1982) states that soil moisture levels of around 15-24% are usually experienced 
during spring, which are optimum for plant growth and productivity. Thus, the moisture level at 
the top 0-25 cm depth was adequate for lucerne growth and production. However, it was difficult 
to understand the soil moisture status of the soil from September 2012 and February 2013 
because no soil moisture readings were taken during this period of the experiment.  The daily 
rainfall range during this period was around 1-8 mm and a soil moisture deficit stress was 
obvious on the lucerne and the weeds.  It was observed that the lucerne plants turned darker to 
paler green regardless of the 0/+ N treatments. Consequently, they started flowering at 15-20 cm 
height in January 2013. Even the fibrous and shallow rooted weeds on the weed plot wilted and 
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died while those deeper tap-rooted plants such as dandelion and dock survived during this time 
of the year (Figure 4.9).   
Fig. 4.9 Only deep rooted weeds survived on the weed plot (left) while lucerne were already flowering at 15-20 
cm heights (right) in January 2013 because of soil moisture deficit stress 
 
Therefore, such soil moisture and the mild year could have triggered the higher yields from this 
experiment as lucerne thrives under such harsh conditions. Lucerne thrives well under drier 
conditions, but high soil moisture resulting from prolonged wet season causes a decline in 
growth and production (Dunbier et al., 1982). Brown et al. (2005)  supported  that lucerne 
persistency was 94% on dryland and was reduced by 49% on irrigated fields in the sixth year of 
their experiment in the Canterbury Plains of NZ. Thus, findings of this experiment signifies that 
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the dryland lucerne can perform exceptionally well, resulting in high DM yields than expected 
when the right environmental conditions strike. This was similar to that seen by Brown et al. 
(2000) and could be a habit of dryland lucerne. D. Moot (pers. comm., October 20, 2014) further 
explained that when the site soil was totally full during winter, it had around 650 mm of soil 
water. Around 50% of this was freely available so it could have been drying out during summer 
and autumn when the total soil water was 325 mm, but not completely dry. He further explained 
that around April 2013, the soil was at its driest, which was about the lower limit of soil water. 
The lucerne stand might have got water stressed towards the end of their growth during this time. 
After April, it rained so the water recharged back to the drained upper limit of around 650 mm 
and the lucerne stands were picking up their growth again.  Therefore, at no stage, soil water was 
limiting growth in the second spring because the soil water only dropped to about 580 mm. He 
concludes that the soil water shows the crop was actively growing most of the time, resulting in 
the high yields. 
 
4.10.4 Soil fertility 
 
 
4.10.4.1 Soil fertility and pH conditions 
 
   
The site soil had a slightly acidic pH of 5.9 at 0-15 cm soil depth resulting in very high levels of 
the basic elements with a total base saturation of 73.1% prior to establishing the experiment. 
Other nutrient elements such as mineralisable N was also at the optimum levels. However, Olsen 
P, S, Mg, K and Na were at low to very low levels. Generally the soil fertility was at medium 
levels at the mentioned soil depths for optimum lucerne growth. However, PS and control plots 
lowered the pH levels (5.9-5.0) of the soil whilst the lime plots further improved the soil pH (5.9-
6.9), resulting in an acidic to optimum pH levels at the conclusion of the experiment. Lanyon and 
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Griffith (1988) suggested that lucerne flourishes and fixes optimum amounts of N at a pH range 
of 6.0-7.5. The CEC and base saturation at the site were still at optimum to very high while 
Olsen P and other nutrients were at low to optimum levels. However, Olsen P was at optimum 
levels (25 ug/mL) on the PS plots compared with the latter five treatments, which were below the 
critical value of 20-30 ug/mL. This implies that P fertiliser could have been bound by the high 
rate (6 t/ha) of lime applied on the plots with lime. This could have prevented the lucerne stand 
from accessing the P fertiliser for its growth and productivity. Curtin and Syers (2001) observed 
from their lab experiment that liming did decrease Olsen P availability by 4-7 mg/kg for every 
pH unit increase on a wide range of NZ soils. Yet, they could not give a sound conclusion as to 
whether lime induces P deficiencies by binding it because P availability may depend largely on 
the physical, biological and chemical properties of a particular soil type in NZ. They also 
reviewed that the situation of lime-induced P deficiency was ambiguous and inconsistent. Thus, 
P, S and N at different rates or in combinations with lower rates of +/0 lime needs further 
investigations for dryland lucerne production and productivity on different soil types in NZ.  
 
4.10.4.2 Soil mineralisable N status 
 
The general trend in soil mineralisable N availability tend to decreased steadily for both + and 0 
N plots as time elapsed. It decreased from the initial status of 262 kg N/ha in September 2012 to 
112 kg N/ha in November 2013 in the +N plots, whereas from 262-131 kg N/ha for the 0N plots. 
Adequate mineralisable N were available in the soil during late springs of 2012/2013 of the 
experimental period, followed by winter, autumn and late summer growing seasons of 2013. The 
availabilities during late spring could be the result of favourable soil conditions such as optimum 
soil fertility, and moisture or temperature levels for N mineralisation during this time of the year 
as expected. Whereas more soil mineralisable N availability over the winter was because the 
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plants could not have been able to utilize N to their maximum capabilities as it is colder during 
this time of the year and plants become dormant. Cameron et al. (2005) state that soil 
temperature during winter and early spring is cold (<40C) resulting in slow N mineralisation, 
pasture growth and plant N absorptions. Meanwhile, moisture stress during the mid summer to 
autumn could have prompted the poor utilisation of the available soil mineralisable N by the 
plants, which could have also resulted in high soil N during this time. This is a usual pattern in 
terms of lucerne and other plant growth and productivities in relation to the four distinct seasons 
in the temperate climate of NZ (Black, 2004; Brown et al., 2000; O’Connor, 19967; Moot et al., 
2003). 
 
The lowest mineralisable soil N was observed during the December 2012 to January 2013 
growing season compared with the other growing seasons (early to mid-summer). This was an 
indication that the lucerne stand had utilised a lot of available soil N for growth during this time. 
This was reflected in the higher DM yields and lower fixed N recorded over this time of the year. 
Furthermore, the 0N plots had the highest amount of soil mineralisable N throughout the entire 
experimental period. This could be an indication that 0N plots could have maximised soil N 
utilisation for growth by using less soil N compared with the +N plots. This was indicated by the 
higher growth and DM yields in the +N plots compared with the 0N plots. In other words, the 
+N plots could have used N excessively. Such findings reveal that dryland lucerne, being a 
drought tolerant and efficient water user tends to fully utilise whatever amount of soil N is 
available to maximise yield during this time of the year when other pasture species decline in 
production. This also implies that soil mineralisable N can be depleted over time if N fertiliser 
was continuously applied to a lucerne stand.  
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The overall mineralisable N range during this experiment from November 2012 to November 
2013 was 108-131 kg N/ha. However, this was a large decline from the original total soil 
mineralisable N of 262 kg N/ha. The decline was by 131-154 kg N/ha during this experimental 
period. This reduction could be in relation to the treatment applications, causing changes in the 
soil fertility, pH and microbial activity at the site. Such findings remain new and significant in 
this area of research under dryland lucerne stand on NZ soils (see Chapter 5). 
 
4.10.5 Plant nitrogen  
 
4.10.5.1 Herbage N concentrations and crude protein 
 
The annual mean %N concentrations of herbage in the 0N plots were high compared with the +N 
plots at all harvests. This was not expected because +N treatments were supplemented with urea 
N depending on total N removal by herbage. The annual N concentrations were at 2.3-2.5% in 
the herbage of +N plots compared with the 0N plots ranging at 2.5-2.6%. McNaught and 
Christoffels (1960) stated that N concentrations in legumes, including lucerne varied in their 
parts with leaflets having higher N concentrations. They found that N concentrations in lucerne 
was 4.5, 4.6 and 4.0 percent for whole plant, top 6 inch and bottom 18 inch herbages, 
respectively. This was around 4.4% on average.  The %N concentration ranges of 2.8-3.1 were 
seen in the DM from this experiment during H4, but were lower than this range during the other 
sequential harvests. Generally, the %N in this experiment was lower than those reported by 
McNaught and Christoffels (1960).   
 
These %N concentrations were equivalent to an annual CP range of 4045-4244 kg CP/ha/year for 
the +N plots whereas the 0N treatments were at 3617-3913 kg CP/ha/year, depending on the 
annual DM yields. These herbages if fed to live stock would be similar to 3.3-6.3 t CP/ha/yr 
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intake reported by Brown and Moot (2004). They noticed that it was 30% greater than the CP 
intake from chicory or red clover. 
 
4.10.5.2 Nitrogen off-takes 
 
The annual N removal by the DM followed the same decreasing trend as that of the herbage %N 
concentrations during the growing seasons of the experiment. The N uptakes in both the 0/+ N 
DM were high during October and December of 2012 and 2013 growing seasons, respectively, 
followed by May to November 2013 growing seasons.  The lowest N uptakes in the DM were 
observed during January to April growing seasons. That was the mid-summer to autumn period.  
 
Hence, the cumulative N uptake range for this experiment was 648-682 kg N/ha/yr for the +N 
plots compared with the 0N plots at 575-604 kg N/ha. Comparatively, annual N uptakes of 510 
kg N/ha was observed at Lincoln University in NZ (Mills & Moot, 2010). A range of 250-500 kg 
N/ha/yr was also recorded by Simpson (1976). The N off-takes in the DM of this experiment 
ranged at 90-150 kg N/ha on both 0/+ N scenarios. However, the yearly cumulative means from 
the +N plots were 100-200 kg N/ha/yr higher than that 510 kg N/ha/yr recorded by Mills and 
Moot (2010). Even those from the 0N plots were 60-90 kg N/ha/yr higher than 510 kg N/ha/yr.  
 
4.10.6 Nitrogen fixation by the lucerne stand 
 
The annual cumulative mean N fixed from the 0N plots were higher than the +N plots, as 
expected. This is because of the ‘substitution’ effect of N fertilisers, where fertilisation normally 
suppresses N fixation in legumes (Scott, 1973; Lanyon & Griffith, 1988). The soil mineralisable 
N was also high on the 0N subplots. The 0N treatments likely had high N fixation rates to cater 
for plant requirements compared with the +N plots being weaker in fixing N since they were 
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supplemented with urea N. Sites having high fertility and recent N fertiliser application reduces 
N fixation markedly and imposes false treatment effects (Unkovich et al., 2008). These workers 
added that soil nitrate levels >10 mg/kg soil reduces nodulation while >20 mg nitrate/kg soil 
delays a functioning symbiosis. 
 
In general, Cameron (1992) reviewed that lucerne can fix N at a range of 125-600 kg N/ha 
annually while others’ literature ( e.g. Phillips, 1980) showed lower N fixation rates. The N fixed 
from this experiment was at the high end of the range reviewed by Cameron (1992). Cuttle, et al. 
(2003) review that in NZ soils, lucerne fixes N in proportional to the amount of herbage it 
produces. Hence, it can fix around 22-25 kg N/ha/year for every ton of DM it produces. This 
range was closer to the annual amount of N being fixed from the 0N plots at a range of 20-23 kg 
N/t DM/yr during this experiment. However, N fixed from the +N plots in this experiment were 
much lower, being 15-16 kg N/t DM/yr.  
 
 Furthermore, the scenario in which the main plot treatments influenced the N fixation during H5 
was completely different to that of the other measurements where only the N treatments and 
growth seasons continued to have effects. This could be an indication that the main fertiliser 
treatments could have had some influence during the cold and wet winter period of the 
experiment to support the lucerne stand. The mild climatic conditions experienced during the 
experimental year could therefore have triggered the main treatments to have their influence on 
the N fixation during H5. However, there is very little comparable data in literature if any on 
such a situation. Thus, this aspect warrants further investigation to specify, which of these 
fertilisers at different application rates may significantly support the production and productivity 
of dryland lucerne during harsh-winter conditions. The higher N fixing status of the 0N plots 
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being flipped over to the +N side during summer (H2 & H3) and the following autumn (H4) was 
another interesting situation experienced during this experiment (refer Section 4.10.9). 
 
4.10.7 Nodulation, root growth, height and light interception 
 
Visually, poor rooting systems were observed on the 0L (-lime) plots compared with the +L 
(+lime) plots. However, significant amounts of N were fixed by the lucerne stand as revealed by 
the natural abundance method. The soil condition of the 0-15 cm depth was optimum for 
nodulation. The reason for not observing nodules could be because those 2-3 lucerne plants used 
to do the nodule scoring were uprooted from the sides of each plot. This was done to preserve the 
lucerne stand in the middle of the plots for yield and its component measurements since the plot 
sizes of this experiment were small (11.25 m2). The timing of nodule scoring could be another 
factor, which might have hindered the identification of more nodules. Those that were observed 
at H6 were at late spring of 2013 and were 1-3 mm in size. They had paler pink coloured flesh or 
sap to no colour when they were either cut by a small knife or squeezed between fingers. The 
darker pink colour, an indicator of active N fixation was absent from these nodules. More 
nodulation may have been observed during late winter to mind spring (August-October) when 
the soil temperature starts to get warmer. The lucerne may produce more nodules to fix N during 
this time to meet its production demands during spring and the coming summer. This is because 
legumes fix N when needed to meet their own metabolic functions and productivity. 
 
The plant roots were growing vertically to a soil depth of 20-30 cm when observed during nodule 
observation. However, the closer observation after H6 revealed that lime had its effects on soil 
pH to as far as 60 cm depth. In this experiment, soil pH was measured at 0-15 cm depth. Only 
assumptions can be made as such on the pH levels at beyond 15 cm depth by looking at the 
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orientation and development of the lucerne roots as it does not tolerate soil pH <5.5. Therefore, 
lime applied could have improved pH levels, and promoted healthy root growth and development 
to a depth of 60 cm within a two year period, while the 0L may have been struggling to have 
deeper rooting systems. With the limited field observations, roots on the +L plot were thick (5-7 
mm), healthy and strong compared with the 0L plots. 
 
In the case of light interception (Appendix 6, Figure 6.c; solar radiation, Appendix 6, Figure 6.b), 
and height measurements, more sunlight was absorbed by the +N plots. They were also growing 
faster and taller as against the 0N plots during the entire experimental period. Upon observation 
and touching the plants during measurements, the plants from the +N plots were much softer and 
heavier compared with those from the 0N plots. They were easily knocked down by blowing 
winds in the field when they were >50 cm tall, while those from the 0N plots were still standing. 
Thus, it was hoped that the DM of +N plots would be palatable with higher N concentrations. 
Yet, it was revealed that the taller and healthier or heavier they became and produced higher 
amounts of DM, the quicker they lose their palatability and quality.  
 
4.10.8 General relationships of the main parameters 
 
 
The +N and 0N plot differences were still profound when scatter plots were drawn for some of 
the main parameters such as annual DM yields with N fixation. The scatter plots revealed the 
significant differences and relationships between the sub N plot treatments. The other 
relationship revealed was the declining of herbage quality of the +N plots. This could be a result 
of plant physiological development. The plants on the +N plots could have utilised more N as 
they were growing quicker, and taller to produce the extra amounts of DM compared with the 0N 
plots. This could have resulted in low herbage N concentrations. It addition, the more they grew, 
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the more they become hardier and declined in palatability. This is in line with what was reported 
by Brown and Moot (2004). They state that %N concentrations and palatability declines in 
lucerne with increasing amounts of DM yields.  
 
The %N concentrations and palatability of the herbage from the +N plots were lower as against 
the 0N plot herbage. Does this mean the application of N fertiliser on lucerne stand depresses the 
quality (%N or %CP, palatability) of its herbage though they give higher yields? The extra DM 
yield produced by the +N plots against the 0N plots was also low (2-5 t/ha/yr). This is an 
interesting result given that the lucerne stand was supplemented with 813 kg N/ha/yr of urea in 
six applications over the exeperimental period. Such important questions imply that lucerne 
stands are to be grazed or harvested when they are below 40 cm heights to maintain the herbage 
quality. Yet, there is no comparable data on literature if any on the depression of herbage quality 
on lucerne stand in relation to N fertiliser application.  This result remains new and significant in 
this area of study and highlights a requirement for further research to maximise N fertiliser use 
on lucerne stand in NZ.  
 
4.10.9 General discussion 
 
When looking at the overall trend of N fixed in relation to harvest dates or the growing seasons, 
the amount of N fixed was highest during the October 2012 growing season, which was mid 
spring. Then it started declining from December 2012 growing season through to September 
2013 (H5) growing seasons. During this time, this trend of 0N plots fixing higher amounts of N 
was switched over to the +N treatment between December 2012 and February 2013 growing 
seasons (H2). This was the summer period. March to May was the autumn while June to August 
was winter. These were the four distinct climatic seasons where the reductions and flips in the 
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amounts of N fixation were observed. The high N fixing trend then flipped back to the 0N 
subplots during the H4 (autumn) growing season and the trend was maintained through to H6. 
Yet, the quantity of N fixed was still low on both +/0 N subplots, except during H6 (spring 2013 
growing season). 
 
The general, fluctuating trend in N fixation was also reflected in the availability of anaerobic soil 
mineralisable N, but 0N treatments persisted in maintaining the highest amounts of soil 
mineralisable N throughout the experimental period. However, the quantity of soil mineralisable 
N was generally low during the summer and autumn periods in 2013. Overall, mineralisable N 
availability on the site was depleted by 57% and 50% on the +N and 0N plots, respectively at the 
end of the experiment. Meanwhile, soil N was high in availability during the winter and spring of 
2013 and also in 2012 spring. In terms of %N concentrations in DM, the fluctuating trend in line 
with the distinct seasons was similar to that of the soil mineralisable N and N fixation in general. 
The DM yields from the winter and spring periods also had reasonable %N concentrations 
compared with those from the summer and autumn periods. Meanwhile the %N concentration 
was numerically low in the DM of +N plots as it (%N) declined with increasing DM yields.  The 
amounts of N off-takes in the herbage also fluctuated in line with the four distinct seasons. 
Nonetheless, the lucerne stand recorded the highest DM yield range during the summer period. 
This was a similar case to that observed by Brown et al. (2000). Mean DM yields from the +N 
subplots ranged from 6-7 t/ha while the 0N subplots were at 4-6 t/ha during this time. 
 
From such situations, it can be suggested that the general fluctuating trends in the yield with 
changes in soil mineralisable N status, N off-takes, %N and N fixation rates were determined by 
site specific conditions such as soil type or depth and the four distinct climatic seasons. Also the 
mild climatic condition observed during the experimental period, likely had significant influence 
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on these parameters. The drier conditions with 1-8 mm of daily rainfall distribution in summer 
and autumn and the switch in the amount of N fixation could have accounted for the higher DM 
yields during the summer period in 2013. Much of the N fixed from the 0N plots could have 
been utilised by the lucerne stand to produce that 4-6 t DM/ha during this time. This 
compensation situation could have caused the highest N fixing trend from the 0N plots to flip 
over to the +N treatment.  In other words, the decrease in the amount of fixed N from the 0N 
treatments was compensated for by the high DM yields. Meanwhile, much of the N being fixed 
by the +N plots may not have been utilised to support yields during that time since they were 
supplemented with urea N and so N was in surplus. They could have surplus amount of N to 
support their highest yields. The highest DM yield recorded in such a dry summer revealed the 
true potential of lucerne as a drought-proofed and efficient spring soil water user.  
 
The flip in N fixation (decrease), the lower %N concentrations in the DM, availability of lower 
soil mineralisable N and the low DM yield during the autumn and late summer period could be a 
result of nutrient translocation by the lucerne stand to prepare its root development and root 
starch reserves in preparation for the coming winter and spring period. Moot et al. (2003) 
explained that such behaviour of a lucerne crop is profound during this time of the year to 
survive the cold winter and in preparations for its DM yields during spring. This was reflected by 
the presence of high %N concentrations and N off-take in the DM and the availability of soil 
mineralisable N in low-medium amount during the winter season. The nutrient translocation 
during autumn was also reflected by the reasonable amount of DM yields in H5, which was from 
the winter growing season and even the higher DM yields in the following spring harvest (H6). 
However, the DM yield during the winter could also have been influenced by the mild season.  
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4.11 Conclusions 
 
 The DM yield together with herbage N concentrations, N fixation and N off-takes were 
influenced by the N fertiliser applications in relation to the time of herbage regrowth and 
the climatic conditions, but not the increasing amount of P and S fertiliser or lime 
applied. The herbage quality also declined in relation to N fertiliser application and 
increasing amount of DM yields. Thus, an endeavour to increase or improve the 
production and productivity of dryland lucerne with increasing amount of fertiliser or 
lime could be an inefficient use of fertiliser resources. However, this may depend on the 
initial soil fertility level of the site because this site was at a ‘medium’ fertility level to 
start with. Thus, the lucerne stand may not be able to utilise all the nutrients supplied. 
Lucerne stands are to be grazed when they are below 40 cm to maintain the quality of the 
herbage if N fertiliser was applied. Yet, quality declination of lucerne stands in relation to 
N fertiliser applications needs further research. 
 Lucerne responded to N fertiliser alone, which is still the limiting nutrient in dryland 
lucerne production and productivity. However, the extra DM produced by the +N plots 
against the 0N plots was only 2-5 t/ha/yr, which was much lower than expected. 
Continuous applications of N fertiliser may also lead to suppression of N fixation and 
depletion of available soil mineralisable N over time. This remains a new and significant 
result in this field of study.  
 The mild climatic condition experienced during the experimental period and site specific 
conditions could have triggered the highest amount of DM yields during the summer 
(H2), which seem to be a habit of lucerne.  This signifies that lucerne has the potential of 
giving higher yields than expected when optimum environmental conditions strike.  
102 
 
 The cumulative annual DM yields were higher in this study compared with those reported 
in literature for dryland lucerne on NZ soils. However, this could also be a result of 
harvesting the plants late when they were at 40-80 cm height compared with normal 
grazing heights between 25 and 35 cm. 
 The main fertiliser and lime treatments did not influence all the parameters measured at 
any one time of the entire experimental period, except the N fixation and weed 
composition during winter. This could be further researched to identify, which of these 
fertilisers at different rates can support dryland lucerne stand during such harsher 
environmental or climatic conditions in N fixation and the production and productivity. 
 Lime improved soil pH and visually promoted healthy root development to a soil depth of 
60 cm within a two year period. However, low P levels on lime treatments at H6 
compared with the PS treatments needs further investigations to see whether lime induce 
P deficiency does occur on lucerne stands on the different types of soils in NZ. 
 More weeds were found on 0N treatment plots during H5 compared with +N and were 
influenced by both main and sub treatments. This was unexpected and contradicts 
literature, which reports that +N treatments have the highest weed compositions. Hence, 
more work could be done during late winter to early spring when the environmental 
conditions are moist and wet or during wet seasons for verification on NZ soils. During 
dry seasons, weeds were not evident and even died during the mild summer and autumn 
of this project period because weeds are shallow rooted. 
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Chapter 5: Nitrogen balance and economics  
 
5.1 Introduction 
 
The net N balance (NNB) at the site for the +N and 0N treatments was calculated. This was 
conducted to understand the N fertiliser use efficiency of a dryland lucerne stand and to 
determine the economics of using N fertilisers on lucerne. The calculations were done using the 
equations described in Sections 3.4.6.2 and 3.4.6.3 for the NNB and gross margin (GM) 
calculations, respectively.  
 
5.2 Results 
 
5.2.1 Nitrogen balance  
 
A significant amount of N was fixed by the lucerne stand throughout the experiment. Yet, the 
NNB calculations showed that lucerne stand under +N treatments did not seem to contribute any 
N into the soil systems at each growing season, throughout the experimental period (Tables 5.1 
& 5.2). This was also obvious by the declining trend in soil mineralisable N during the 
experimental period (see Table 4.7, Section 4.5.2). In addition, the lucerne took up only 38% of 
the total (813 kg N/ha/yr) urea N applied. The overall mean N uptake for the +N plot was 779 kg 
N/ha/yr. Of this, 60% and 40% were from fixed N and urea N, respectively, resulting in an 
unaccounted NNB value of 651 kg N/ha/yr. This includes the 501 kg urea N/ha (813-312 kg 
urea/ha/yr) loss (refer Section 5.3.1). Meanwhile, lucerne on the 0N plots had an average N 
uptake of 683 kg N/ha/yr. They absorbed most (80%) of their fixed N while the rest (20%) were 
from mineralisable N. Hence, contributed a NNB of around 5 kg N/ha/yr into the soil system 
(Table 5.2).   
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Table 5.1 Summary of annual mean net N balance calculations and solutions for the +N plots 
Treatment 
(+N plots) 
Mean N Inputs (kg N/ha/yr) Mean N output (kg N/ha/yr) Net N 
balance 
(kg/ha/yr) Urea N 
applied  
!Initial 
mineralisable N 
Mineralisable N at 
final harvest-H6   
N fixed    Total N * 
uptake in DM  
Urea N 
uptake in DM 
Fixed N 
uptake in DM 
Control 813 262 112 447 750 303 447 -660 
Lime (L) 813 262 112 456 773 317 456 -646 
LPS 813 262 112 463 779 316 463 -647 
LS 813 262 112 463 756 293 463 -670 
PS 813 262 112 522 807 285 522 -678 
 S 813 262 112 449 806 357 449 -606 
Grand mean 813 262 112 467 779 312 467 -651 
*Assumes that all N uptake is sourced from urea N; !all units in kg N/ha/yr except this initial is in kg N/ha 
 
Table 5.2 Summary of annual net N balance calculations and solutions for the 0N plots  
Treatment 
(0N plots) 
 Mean N inputs (kg N/ha/yr) Mean N output (kg N/ha/yr) Net N  
balance  Urea N 
applied  
!Initial 
mineralisable N   
Mineralisable N at 
final harvest-H6  
N fixed    Total N* 
uptake in DM 
Mineralisable N 
uptake in DM 
Fixed N 
uptake in DM 
Control 0 262 131 557 678 121 557 -10 
Lime (L) 0 262 131 520 677 157 520 26 
LPS 0 262 131 537 642 105 537 -26 
LS 0 262 131 548 659 111 548 -20 
PS 0 262 131 534 669 135 534 4 
 S 0 262 131 587 773 186 587 55 
Grand 
mean 
0 262 131 547 683 136 547 5 
*Assumes that all N uptake is sourced from fixed N; all units in kg N/ha/yr except the initial mineralisable N is in kg N/ha 
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5.2.1.1 N fertiliser use efficiencies of lucerne and N substitution effects 
 
The N fertiliser use efficiency (NFUE) of the dryland lucerne stand averaged 38% (Table 5.3). 
The NFUE was 44% in the S+N plots while others ranged at 35-39%. Yet, the difference in their 
NFUE was quite marginal; ultimately, resulted in this mean NFUE of 38%. In addition, this 38% 
NFUE did not have significant substitution effects on the N fixing ability of the dryland lucerne 
stand. The reduction effect of fertiliser N on N fixation was only 15% on an annual basis. Most 
of the reduction (24%) occurred on the S+N plots. The substitution effect was even quite 
minimal (2%) in the presence of PS+N, which was the competitive treatment in this experiment. 
The overall mean reduction of 15% was equivalent to 81 kg fixed N/ha/yr. Further, for every 
kg/ha of N fertiliser applied, an overall mean N response ratio yield of extra 5 kg DM/ha/yr (1:5) 
was measured, which was quite low ( refer Section 5.2.2). 
 
Table 5.3 Yearly cumulative mean urea N use efficiency of lucerne, substitution effects on N fixation and N 
response to DM yield ratio on the +N plots (units in kg N/ha/yr, otherwise mentioned) 
Treatment 
(+N plots) 
*Urea N 
uptake 
N fixed 
Urea N use efficiency 
(%) 
Fixed N 
reduction 
N reduction 
(%N) 
Urea N to DM 
yield ratio 
Control 750 447 37 110 20 1:2 
Lime (L) 773 456 39 64 12 1:3 
LPS 779 463 39 74 14 1:6 
LS 756 463 36 85 16 1:4 
PS 807 522 35 12 2 1:6 
S 806 449 44 138 24 1:6 
Grand 
mean 
779 467 38 81 15 1:5 
*Assumes that all N uptake is sourced from urea N  
 
5.2.2 The economic value of the urea N used 
 
 
The economic values were estimated on the extra DM produced in relation to the N fertiliser 
applied, for the Canterbury region (Table 5.4). The actual cost of growing the extra mean DM of 
3862 kg DM/ha/yr was around $1025 ha/yr. The net total cost reached around $1277 ha/yr when 
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the costs on N fixation reduction, and fertiliser transporting and application were added. If this 
extra amount of DM was sold as hay at $0.30/kg DM, the GM deficit would be $118 ha/yr. Yet, 
these costs and GM will depend on factors such as the distances for fertiliser transportation, type 
of transport used, the region, the landscape of the farm, the intensiveness of the farming, 
administration, and weed and pest management. For example, the distance for transportation cost 
on urea used in this calculation was 10 km, while most of the other factors such as administrative 
and pest control costs were not included. There could have been a substantial increase in GM 
deficit, if such costs were included in this calculation. The 0N plots, however, were saving 
around $6 ha/yr, which was equivalent to 5 kg net N/ha/yr. 
 
Table 5.4 Estimated annual cumulative economic value of the extra DM grown from urea N application 
Item or activity details 
Treatment +N plots 
Control  Lime 
(L) 
LPS LS PS  S Grand 
mean 
Total urea N used (kg N/ha/yr) 813.00 813.00 813.00 813.00 813.00 813.00 813.00 
Extra DM grown on +N plots 
(kg DM/ha/yr) 1923.00 2313.00 5147.00 3650.00 5041.00 5096.00 3861.67 
N fixation reduction by urea N 
(kg N/ha/yr) 110.00 64.00 74.00 85.00 12.00 138.00 80.50 
Cost of pure N ($/kg) 1.26 1.26 1.26 1.26 1.26 1.26 1.26 
Cost of urea 46% (N/kg) 0.58 0.58 0.58 0.58 0.58 0.58 0.58 
Urea N cost to DM grown 
($/kg DM) 0.56 0.62 0.23 0.28 0.25 0.22 0.36 
*Approx. transport & 
spreading costs ($/ha) 30.00 30.00 30.00 30.00 30.00 30.00 30.00 
Approx. lucerne hay making 
cost  ($/ha) 120.00 120.00 120.00 120.00 120.00 120.00 120.00 
Cost of extra DM grown 
($/ha/yr) (i.e., urea N cost) 1025.09 1025.09 1025.09 1025.09 1025.09 1025.09 1025.09 
Cost of N fixation reduction by 
urea N cost ($/ha/yr) 138.70 80.70 93.30 107.17 15.13 174.00 
  
101.50 
Approx. hay sales price  ($/kg 
DM) 0.30 0.30 0.30 0.30 0.30 0.30 0.30 
Income of extra DM ($/ha/yr) 576.90 693.90 1544.10 1095.00 1512.30 1528.80 1158.50 
Grand total cost ($/ha/yr) 1313.78 1255.78 1268.39 1282.26 1190.22 1349.09 1276.59 
Approx. gross margin ($/ha/yr) -736.88 -561.88 275.71 -187.26 322.08 179.71 -118.09 
*Approx. = approximated/estimated 
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5.3 Discussion 
 
 
5.3.1 Nitrogen balance 
 
It was clearly demonstrated in these NNB calculations that dryland lucerne has a strong 
preference for its own fixed N rather than fertiliser or soil N. The unaccounted N (651 kg 
N/ha/yr) must have moved via the N cycling pathways that were not measured in this project. 
These pathways were likely fertiliser N volatilisation or soil N leaching and/or immobilisation 
into soil OM. Fixed N made up 60% of the total N in the DM of the +N sub treatment, whilst 
40% was assumed to be from the urea and soil mineral N. Consequently, the overall N use 
efficiency was 38%.  This confirms the results reported by Lanyon and Griffith (1988). These 
workers emphasized that lucerne requires 43-64% of N from its own fixed N depending on 
ecological conditions. However, they further eloborated that lucerne and other legumes may need 
small amounts of fertiliser N (22-67 kg N/ha) during their establishment phases, depending on 
soil types. They added that growth and yields of lucerne were either depressed or no effect was 
attained when N rates of up to 225 kg N/ha or more were applied in Oregon. This situation was 
similar under this experiment. The dryland lucerne stand took up a maximum of only 312 kg 
N/ha out of the 813 kg urea N/ha applied in six applications during  the experiment. The amount 
taken up resulted in an extra mean DM yield of 4 t/ha/yr, which was quite marginal and 
unexpected of. The remainder of the urea N applied could have been lost into either leaching or 
immobilisation or volatilisation. Nitrogen leaching losses of up to 20-300 kg N/ha/yr was 
reported by Cameron (1999) on NZ soils, both under pastoral and arable farming. Of this, the 
highest leaching loss of around 300 kg N/ha/yr was from vegetable crop fields having shallow 
rooting systems.  
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An important question then is, why the lucerne did not utilise more urea N from the soil profile, 
especially as it is a deep rooting plant? During nodule scoring, their roots were seen to be 
growing beyond 20 cm soil depth. Upon closer root development observation after two years of 
applying the treatments, the roots on one of the limed plots grew to a soil depth of 60 cm. 
Meanwhile, roots on one of the un-limed plots were growing to a depth of 40 cm. Thus, the 
plants had the potential to capture the lost band of urea N (501 kg N/ha/yr) if the N were within 
those rooting zones. The magnitude of this loss was even higher than the 300 kg N/ha/yr 
leaching loss from shallow rooting vegetable farms in NZ, reviewed by Cameron (1999).  Yet, it 
is unclear through which N loss pathways the loss band of urea N went as they were not 
measured in this project. In addition, the +N plots depleted mineralisable N by 57% whereas 
50% was from 0N plots.  This is based on the amount of soil mineralisable N available at the 
initial stage of the experiment (262 kg N/ha) and after the final harvest (H6), which was 112 and 
131 kg N/ha for +N and 0N plots, respectively.  
 
 
Therefore, 57% depletion of soil mineralisable N on the +N plots was equivalent to 150 kg 
N/ha/yr (i.e. 262-112 = 150) whereas for the 0N plots was 131 kg N/ha/yr (i.e. 262-131 = 131). 
Yet, the 0N plots ended up leaving a NNB of 5 kg N/ha/yr in the soil systems whilst the +N plots 
had a NNB loss of 651 kg N/ha/yr (Tables 5.1-2). This loss would likely have been comprised of 
the 150 kg N/ha/yr mineralisable N depletion and the 501 kg urea-N/ha/yr. This is because this 
sum (i.e. 150 + 501) is equivalent to the 651 kg N/ha/yr loss from the +N plots. Whereas the sum 
of 501 and the amount of urea-N in the herbage of +N plots, 312 (i.e. 312 + 501 = 813) is 
equivalent to the total amount of urea-N (813 kg N/ha/yr) applied.  For the 0N treatments, the 
131 kg mineralisable N/ha/yr depleted would have been part of the uptake together with the fixed 
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N. This is because the total mean uptake of 683 kg N/ha/yr is the sum of 547 kg fixed N/ha/yr 
and the mineralisable N of 136 kg N/ha/yr (i.e. 547+136 = 683). If this 136 kg mineralisable 
N/ha/yr uptake was subtracted from the 151 kg mineralisable N present in the herbage, the 
remaining is equivalent to the 5 kg N/ha/yr (i.e. 136-131 = 5) being put back into the soil system 
by the 0N treatments. This balances, which is in line with Steele et al. (1983). They arrived at an 
isotopic fractionation value of lucerne on NZ soils to be Zero, meaning that fixed N translocation 
on lucerne stand was equally distributed within both below and above ground biomass.  
 
Hence, it could be suggested that this high single applications of N fertiliser was mostly rejected 
by the lucerne in preference of fixed N, if it was not volatilised before the plant uptake. This is 
clearly reflected by the urea N use efficiency and the quantity of N fixed (Table 5.3). It can also 
be suggested that the lucerne stand would not have taken up all the fertiliser N even if they were 
disposed in split applications during each growing season. Therefore, most of this band of urea N 
could have been completely volatilised or leached. Cameron (1999) further elaborated that on a 
wet soil, a 50 mm of rainfall has the potential of washing a band of fertiliser into 10-15 cm soil 
depth, depending on soil type and the intensity of the rainfall. If this fertiliser N was present at 
10-15 cm soil depth, then it would have been even captured in the soil mineralisable N 
measurement as it was the case for the 0N plots. This is because the soil samples taken during 
the project were from 0-15 cm soil depths. Even if the zero lime plots did not capture the lost 
band of urea N because of their poor rooting systems, then +lime plots would have. This is 
because they would have grown their roots to a soil depth of 30-60 cm. 
 
Therefore, potentially, this band of uncaptured N could have been immobilised into deeper soil 
profiles, if not volatilised or leached. This is because if this band of N was taken off as a result of 
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the cut-and-carry system being practiced, then they would have been found in the herbage N off-
takes of the +N plots, which was the case for the 0N plots. Cameron (1999) reviewed N leaching 
losses of 8 kg N/ha/yr under cut-and carry systems of other pastures in NZ when 200 kg urea 
N/ha was applied.  This is still marginal whereas the NNB loss in this experiment was 651 kg 
N/ha/yr.  Cameron (1992) further stated that any nitrate if available in excess of plants’ 
requirement is easily leached if water drains through the soil profile. This could have been the 
case in this project, although fertilisers were supplied according to the amount of N removed by 
the herbages during each harvest. Leaching losses could have been possible between May and 
December of 2013. This is because highest amounts of rainfall (12-74 mm) were received during 
this period. Consequently, soil water levels increased and peaked at 644 mm in July 2013 and 
continued to range between 450 and 630 mm.  
 
There were also possibilities that part of this band of urea N could have been volatilised, before 
plant uptake. D. Moot (pers. comm., October 12, 2014) stated that most of that band of urea N 
could have been volatilised. He elaborated that if the soil moisture on the site was 29% in the top 
15 cm, then urea could have been easily dissolved. If it was 15% or about half the top value, then 
soil was close to wilting point. Thus, any N applied could not have been either dissolved or 
leached. So any loss of N was likely via volatilisation. J. Moir pers.com. (October 10, 2014) 
added that soil-plant available moisture levels vary depending on soil texture, and Wynn-
Williams (1982) reported maximum soil moisture levels of 15-24% for plant growth. The soil 
moisture on the top 0-25 cm on the site was 15-34% and a monthly rainfall of 25-250 mm was 
received. The total rainfall received was 1070 mm during the project period. However, it was a 
mild dry year and soil moisture between 25-145 cm fell to as low as 7% in April 2013. The total 
soil water range for the 0-225 cm soil depth was 308-643 mm. The daily mean rainfall range 
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between September 2012 and April 2013 was around 1-8 mm. Hence, volatilisation could have 
been possible during this time. However, N applications were done during shower rains or within 
1-2 hours prior to raining for immediate N dissolution and to avoid volatilisation. The rain during 
this experimental period mostly lasted for 4-6 hours. K. Cameron (pers. comm., October 13, 
2014) stated that around 10 mm of rain within 24 hours is required to reduce volatilisation to 
zero. Cameron et al. (2005) added based on reviews that N loss in the form of ammonia was 
relatively small where only 12% was volatilised when a 30 kg urea N/ha was applied on pasture 
soils.  The N loss during this experiment on the established dryland lucerne stand was 139 times 
greater than this 12% loss because the amount of urea N applied was high in this experiment.  
 
Therefore, it was a mild dry year and it appears that significant volatilisation would have been 
possible if the soil was dry with no leaching. This could have occurred during summer of 2013 
where soil moisture stress was obvious on the plants.  It has been shown that lucerne can pick up 
lost inorganic N in deeper soil profiles (Russelle et al., 2001) and this band of urea N was 
unaccounted for in the NNB calculations. When lucerne was used as a phytoremediating agent 
on soils contaminated by an anhydrous ammonia spill, it captured a total of 974 kg N/ha over a 3 
year period (Russelle et al., 2001). Around 540 kg N/ha of this was inorganic N.  Therefore, it 
can only be said from this experiment that this unaccounted 501 kg N/ha could have been either 
volatilised or leached, if not immobilised into deeper soil profiles. This is because neither of 
these N loss pathways can be pin-pointed as no monitoring of such loss was done and was 
unexpected of.  It would have been possible to quantify the particular N loss pathway if 15N 
labelled urea was used. However, 15N labelled fertilisers are expensive and may work well on 
shallow rooting crops. Besides, fixed N translocation in lucerne was found to be equally 
distributed (Steele et al., 1982). Yet, there is no comparable data in literature that explicitly 
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reports on such scenarios where lucerne in preference of its fixed N rejects applied fertiliser N, 
provided no volatilisation was occurring.  Thus, this result represents new and significant 
information in this field of research. Further field experiments are required to confirm this result. 
 
5.3.1.1 Nitrogen use efficiency and N fixation reduction 
 
 
The N fertiliser use efficiency after all was around 38%.  Nevertheless, fertiliser N application 
barely reduced the N fixation of the lucerne stand. This was unexpected because legumes 
typically rely on soil N if concentrations are high. For example, Scott (1973) reviewed from 
studies in Palmerston North on N application on grass/clover swards reduced N fixation to rates  
below 550 kg N/ha. Lanyon and Griffith (1988) and Unkovich et al. (2008) expressed similar 
concerns. Yet, the substitution effect on N fixation by the N fertiliser in this experiment was only 
15% of N annually. This implies that N fixation on the lucerne stand was not reduced 
significantly by the urea N applications. This further indicates that dryland lucerne can still fix its 
own N to suit its own preferences regardless of N fertiliser application. However, if most of the 
N applied was volatilised, then the lucerne stand would have used more of its fixed N and 
mineralisable N to depletion levels as such to cater for its own N demands. These are new 
information and remain significant in this field of research.  
 
5.3.2 Economic value of using N fertiliser on lucerne stand 
 
 
It can be stated according to the findings of this research that it would be unwise to use N 
fertiliser on a dryland lucerne stand. That is, if the unaccounted band of urea N (501 kg N/ha) 
was not volatilised. This is because the additional annual mean DM yield from the +N plots was 
only 4 t DM/h/yr when 813 kg N/ha/yr of N fertiliser was applied. The mean overall ratio of N 
fertiliser to kg DM yield response ratio was 5:1, which was quite low. A farmer may normally 
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expect a 10:1 or 20:1 response on pastures (J. Moir pers. comm., August 29, 2014). Cameron 
(1999) reviewed a kg DM/ha to a kg fertiliser N/ha response ratio of 14:1, 13:1 and 13:1 for N 
source fertilisers of urea, ammonium sulphate and ammonium nitrate, respectively on other 
forages in NZ. He further stated that higher rates of N fertiliser applications does not necessarily 
give high DM yields on pastoral crops, but depend on meeting the N needs of the pastoral crops 
at the time of application. This statement was true in this experiment as this 813 kg urea N 
applied in six applications did not increase DM yields. Based on his review, Cameron (1999) 
suggested an economic N application rate of 20-40 kg N/ha, which would result in 12 kg 
DM/ha/kg fertiliser-N applied on pastoral crops in general and will minimise N loss into 
waterways. The gross margin deficit calculated in this study was $118.09 ha/yr if those extra 
kilos of DM were sold as hay. This deficit in gross margin could have increased significantly if 
other costs such as administration and pest or weed control were added. Limitation in literature 
data on this, if any, did not allow for comparison. Thus, this data also represents new and 
significant information in this area of study. 
 
5.3.3 Implications of N loss 
 
 
Nitrogen loss into the open environment through processes like leaching and volatilisation not 
only affect the gross margin, but also affect soil fertility and cause detrimental effects on the 
environment. This is a major concern in NZ and elsewhere across the globe. Nitrogen loss 
through leaching causes a decline in base saturation of the soil because exchangeable base 
cations like Ca2+ accompany NO3- anions during leaching (Cameron, 1992), ultimately causing a 
decline in soil fertility levels.  The N loss through volatilisation as ammonia gas are returned in 
the form of acid rain (HNO3) or hail or snow, which also contribute to environmental effects. 
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Cameron et al. (2013) reported that agriculture accounts for 50% of the ammonia that volatilised 
worldwide. This could be the case in this experiment if that 501 kg N/ha was not immobilized or 
leached into deeper soil profiles. These losses can pollute groundwater and waterways. Forest 
defoliation may cause by acid rain. Eutrophication of waterways is one of the consequences of N 
loss into the open environment mainly through leaching (Cameron, 1992; Cameron et al., 2013).  
They added that presences of N in the form of NO3- cause health hazards like blue baby diseases 
in infants, and less conclusively with cancer and hypertension in adults. The recommended rate 
of NO3- levels in waterways in- most countries, which is governed by law is <10 mg NO3- N/L of 
water (Cameron, 1992).  Moot (2014) added that the contribution of N fixation of lucerne to N 
leaching is a challenge and needs accurate research information to inform policy makers.   
 
Again if most of the urea N were not volatilised, the findings of this experiment shall discourage 
fertiliser N use under dryland lucerne to minimise negative effects on the environment. Such 
amounts of N loss under dryland lucerne stand may cause major environmental risks in NZ.  The 
results demonstrated that dryland lucerne can do better without N fertiliser.  However, this may 
depend on soil type, soil pH and the fertility levels. This experiment was conducted on deep 
Wakanui silt loamy soil. The results further demonstrated that though high rate single N-
fertilisers were applied in this study, it is unlikely that lower rates (“little and often”) will make 
any difference on dryland lucerne stand, provided minimal volatilisation was occurring. This is 
because the total of 813 kg urea N/ha/yr was applied over a total of six applications. The amount 
applied per application ranged between 300 and 485 kg urea N/ha.  Mills (2007) found that green 
harvested cocksfoot herbages recovered up to 65% of the N fertiliser applied, but in this study, 
lucerne recovered only 38% of the urea N applied. However, companion grass pastures can be 
tried under lucerne stand to mop up soil N if N fertilisers were to be applied. Studies done in 
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Lithuania in the northern Europe showed lucerne based sward (perennial ryegrass and timothy) 
had a higher N concentrations and gave higher amount of DM compared with other legumes like 
clovers/grass swards (Kadziuliene & Kadziulis, 2007).    
 
 
5.4 Conclusions 
 
 
Strong conclusions may not be possible from this N balance calculation because the N loss to 
pathways like volatilisation and leaching were not measured. With this in mind, the following 
suggestions could be drawn for further studies: 
 Provided that minimal volatilisation was occurring during the project, the information on 
lucerne’s preference to its own fixed N against applied fertiliser N, and the low reduction 
in N fixation despite large amounts of fertiliser N application are new. Further research is 
required to confirm these results. 
 If volatilisation was the cause of the urea N lost during this experiment, then urea N 
source fertilisers should not be surface applied on lucerne crops during such a warm or 
mild dry year on NZ soils, unless irrigation is provided to wash the N into the soil. This 
shall minimise N fertiliser wastage and environmental impacts, which could occur as a 
result of volatilisation. 
 It must be noted that urea N was not applied on the reference plants used in this 
experiment to determine the N balance. Hence, considerations could be given in future 
researches to treat the reference plants the same way the legumes are treated. 
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Chapter 6: Overall Conclusions 
 
 
6.1 General conclusions 
 
 
Lucerne, (Medicago sativa L.) is a high value perennial forage legume, which plays a significant 
role in the dryland farming zones of NZ. Lucerne provides both the quality and quantity DM for 
fattening livestock for profitability and to meet the growing demands for milk and meat in 
foreign markets. Being a deep tap-rooted legume, it has a high water use efficiency, and acts as 
‘insurance’ against climate extremes for drylands and summer dry areas of NZ. In addition, 
lucerne fixes atmospheric N in its symbiotic relationship with Ensifer meliloti bacteria in the soil. 
This cheaply contributes significant amounts of N into the soil systems for improved soil and 
crop production.  
 
The findings of this experiment have provided significant insights on the effects of using N  
fertiliser and lime on dryland lucerne. It was revealed that applying P and S fertilisers and lime to 
improving lucerne production, from an initial ‘medium’ soil fertility level, was an inefficient use 
of resources. The increasing rates of P and S fertiliser and lime used had no significant effects on 
the production of the lucerne. Yet, the N fertiliser treatment influenced all the paramerters 
measured. The annual DM yields, N off-takes and CP contents were the high in this experiment 
when compared with other literature data on dryland, but were in line with irrigated lucerne 
stands. Mean annual DM yield was 24 and 28 t DM/ha for 0N and +N plots, respectively. The 
highest yield was experienced duirng summer, which emphasized the drought resistant advantage 
of lucerne especially when favourable environmental conditions occur. Hence, the high yields 
were in response to the mild climatic conditions experienced during the experimental period.   
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The N fixation ability of lucerne was not significantly affected by the high rates of N fertiliser 
applied. The annual N fixed was 405 and 484 kg N/ha for the treatments +N and  0N, 
respectively. This was a new and unexpected result. The extra DM grown resulting from N 
fertiliser application was low, leading to a deficit gross margin if the DM were to be sold as hay. 
Thus, use of N fertiliser on a lucerne stand could also be an inefficient use of resources, at the 
high rate used in this study. Almost 60% of the urea N supplied was unaccounted for in this 
experiment, and was likely lost either to volatilisation or soil leaching, which is of environmental 
concern. However, it could have also been immobilised into soil OM. Further research is 
required in this area. The soil mineralisable N was even depleted by 57% and 50% on the +N and 
0N sub treatments, respectively.  
 
6.2 Future research  
 
 
Further investigations are required on the following areas: 
 Fertiliser N applied to dryland lucerne may result in low N fertiliser use efficiency and 
soil mineral N depletion, ultimately leading to a gross margin deficit and detrimental 
effects to the environment. Further studies are required in this area.  
 The unexplained N losses in this experiment need to be examined in future research. In 
these experiments, N loss through volatilisation and leaching should be quantified to 
make solid conclusions, as these pathways were not monitored in this experiment.  
 The results of this study suggest that lucerne has a preference for fixed N rather than 
applied fertiliser N, or soil N. Also, the low reduction in N fixation despite large N 
fertiliser applications represents new information. This contradicts current literature. 
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Therefore, further research is required to confirm this result, and to determine whether 
this is a characteristic of dryland lucerne.  
 More weeds were found on 0N treatment plots during H6 compared with +N plots, which 
contradicts literature data and hence, needs verifications during winter or wet seasons. 
This is because very little to no weeds were observed during autumn and summer because 
they are shallow rooted compared with lucerne. 
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Appendices 
 
Appendix 1 Materials and methods 
 
Fig.1.a Field plan of the experiment.
120 
 
Table 1.a An example of judging whether there was confounding effects by the urea N on fixed N (H1) 
Main 
Fert 
treat 
Sub 
N 
Treat 
Sub 
plot 
Lucerne 
δ15N vs 
Air (‰) 
δ15N vs 
air 
(Atom%) 
Avrge* 
dock/Dan  
δ15N vs 
Air (‰) 
Lucerne 
original 
(% 
Ndfa) 
Avrge 
Urea 
δ15N 
(Atom %) 
Lucerne 
δ15N -urea 
δ15N (Air 
‰) 
!Diff. 
also 
fixed N 
(%Ndfa) 
L -N 1 1.59 0.37 6.49 75.56 0.37 1.22 81.20 
L +N 2 1.59 0.37 6.49 75.56 0.37 1.22 81.20 
LS -N 1 2.04 0.37 6.49 68.57 0.37 1.67 74.21 
LS +N 2 0.13 0.37 6.49 97.98 0.37 -0.23 100.11 
PS +N 2 2.65 0.37 6.49 59.19 0.37 2.28 64.83 
PS -N 1 3.57 0.37 6.49 45.01 0.37 3.20 50.65 
Control -N 1 0.04 0.37 6.49 99.39 0.37 -0.33 100.02 
Control +N 2 0.26 0.37 6.49 96.03 0.37 -0.11 100.02 
S +N 2 1.50 0.37 6.49 76.97 0.37 1.13 82.61 
S -N 1 2.31 0.37 6.49 64.35 0.37 1.95 69.99 
LPS +N 2 0.43 0.37 6.49 93.44 0.37 0.06 99.08 
LPS -N 1 2.52 0.37 6.49 61.21 0.37 2.15 66.85 
L +N 2 1.27 0.37 6.49 80.41 0.37 0.91 86.05 
L -N 1 4.51 0.37 6.49 30.55 0.37 4.14 36.19 
LPS +N 2 0.20 0.37 6.49 96.87 0.37 -0.16 100.02 
LPS -N 1 3.27 0.37 6.49 49.62 0.37 2.90 55.26 
Control +N 2 0.08 0.37 6.49 98.76 0.37 -0.29 100.02 
Control -N 1 4.15 0.37 6.49 36.07 0.37 3.78 41.71 
S +N 2 0.67 0.37 6.49 89.69 0.37 0.30 95.33 
S -N 1 3.09 0.37 6.49 52.34 0.37 2.73 57.98 
LS -N 1 0.45 0.37 6.49 93.01 0.37 0.09 98.65 
LS +N 2 1.17 0.37 6.49 81.91 0.37 0.81 87.55 
PS +N 2 4.34 0.37 6.49 33.12 0.37 3.98 38.76 
PS -N 1 3.15 0.37 6.49 51.54 0.37 2.78 57.18 
Control -N 1 1.56 0.37 6.49 75.99 0.37 1.19 81.63 
Control +N 2 0.00 0.37 6.49 99.98 0.37 -0.36 100.02 
LS +N 2 3.22 0.37 6.49 50.37 0.37 2.86 56.01 
LS -N 1 2.38 0.37 6.49 63.33 0.37 2.01 68.97 
LPS +N 2 1.90 0.37 6.49 70.75 0.37 1.53 76.39 
LPS -N 1 3.25 0.37 6.49 49.94 0.37 2.88 55.58 
L -N 1 1.41 0.37 6.49 78.24 0.37 1.05 83.87 
L +N 2 2.30 0.37 6.49 64.49 0.37 1.94 70.13 
PS -N 1 4.11 0.37 6.49 36.65 0.37 3.75 42.29 
PS +N 2 1.37 0.37 6.49 78.94 0.37 1.00 84.58 
S -N 1 3.32 0.37 6.49 48.82 0.37 2.96 54.46 
S +N 2 0.73 0.37 6.49 88.78 0.37 0.36 94.41 
* Avrge = average;! = difference; note that only block 1-3 data of H1 are in this table as an example of proof since 
the whole table was too long and did not fit this page. Yellow coloured columns are δ15N of atmosphere and mean 
δ15N lab data for urea, which are similar; yet, they are different from blue column data, which are δ15N for lucerne 
and the average value of δ15N for dock and dandelion (weeds). The grey column is the difference between lucerne 
δ15N and urea δ15N. Red column data are the %Ndfa fixed by these differences when calculated using Equation 3. 
They are even numerically higher than those originally fixed by the lucerne stand (uncoloured column). 
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Appendix 2 Tables of ANOVA results for the mean DM yields of H1-H6  
 
Table 2.a Mean DM yields (kg DM/ha) for H1 on November 21, 2012 and treatment rates (kg/ha)  
 Treatments Treatment rates  Main plots Sub treatment [(+/0 Nitrogen (N)] 
+N! 0N 
Control 0 4969 5308 4630 
Lime (L), 6000 kg/ha 6000 5619 5935 5302 
L+ phosphorus (P ) + 
Sulphur (S, ) (LPS),  
P 617;  S (gypsum S 
356 + elemental S 71) 
427 
5467 6059 4875 
L+S (LS) as above 5361 5982 4740 
P+S (PS)  as above 5602 6314 4890 
S  as above 4821 5404 4238 
Grand mean  5306 5834 4779 
P (0.05)  ns (P = 0.065)  *** 
LSD   846.8 
Standard error   416.2 
CV (%)   11.2 
! Total of 120 kg urea (46%N)/ha was applied on the +N plots during the project establishment on October 5, 2012; 
ns = non-significant; *** significant at P<0.001; ** significant at P<0.05; significant at P≤0.05 
 
Table 2.b Mean DM yields in kg DM/ha for H2 on January 7, 2013  
Treatments Main plots Sub treatments +/0 N 
+N! 0N 
Control 5868 6144 5591 
Lime (L) 5727 6238 5216 
LPS 5511 6190 4832 
LS 5204 6135 4272 
PS 6666 7305 6026 
S 5796 6216 5376 
Grand mean 5795 6371 5219 
P (0.05) ns  *** 
LSD  1232.2 
Standard error  603.1 
CV (%)  12.9 
! Total of 444 kg urea (46%N)/ha was applied on the +N plots on December 6, 2012 after the first harvest; 
treatment rates are the same as mentioned in appendix 2a. 
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Table 2.c Mean DM yields in kg DM/ha for H3 on February 24, 2013  
Treatments Main plots Sub treatments +/0 N 
+N! 0N DM 
Control 4153 4400 3906 
Lime (L) 3891 4021 3761 
LPS,  4469 4595 4344 
LS 4302 4675 3929 
PS 4139 4941 3338 
S 4072 4584 3561 
Grand mean 4171 4536 3806 
P (0.05) ns  **  
LSD  1206.7 
Standard error  592.7 
CV (%)  19.6 
! Total of 485 kg urea (46%N)/ha was applied on the +N plots on January 16, 2013 after the second harvest; 
treatment rates are the same as mentioned in appendix 2a. 
 
Table 2.d Mean treatment DM yields in kg DM/ha for H4 on April 26, 2013  
Treatments Main plots Sub treatments +/0 N 
+N! 0N 
Control 3665 3681 3648 
Lime (L) 3384 3530 3423 
LPS 3477 3662 3105 
LS 3474 3669 3280 
PS 3605 4039 3170 
S 3704 4012 3395 
Grand mean 3551 3766 3337 
P (0.05) ns  * 
LSD  1094.4 
Standard error  536.7 
CV (%)  19.7 
! Total of 345 kg urea (46%N)/ha was applied on the +N plots on March 17, 2013 after the third harvest; treatment 
rates are the same as mentioned in appendix 2a. 
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Table 2.e Mean treatment DM yields in kg DM/ha for H5 on September 26, 2013  
 Treatments Main plots Sub treatments +/0 N 
+N! 0N 
Control 5016 5010 5021 
Lime (L) 5793 5506 6079 
LPS 4992 5481 4502 
LS 4988 4950 5025 
PS 5800 5271 6329 
S 5283 5660 4906 
Grand mean Grand mean 5312 5313 
P (0.05) ns  ns 
LSD  1415.4 
Standard error  693.8 
CV (%)  21.5 
! Total of 278 kg urea (46%N)/ha was applied on the +N plots on May 29, 2013 after the fourth harvest; treatment 
rates are the same as mentioned in appendix 2a. 
 
Table 2.f Mean treatment DM yields in kg DM/ha for H6 on November 29, 2013  
Treatments Main plots Sub treatments +/0 N 
+N! 0N 
Control 6308 6715 5900 
Lime (L) 5707 6235 5179 
LPS 5962 6626 5299 
LS 6267 6422 6111 
PS 5422 6056 4788 
S 5975 6732 5218 
Grand mean 5940 6465 5416 
P (0.05) ns  ** 
LSD  1617.1 
Standard error  793.9 
CV (%)  21.3 
! Total of 404 kg urea (46%N)/ha was applied on the +N plots on October 31, 2013 after the fifth harvest; treatment 
rates are the same as mentioned in appendix 2a. 
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Table 2.g Cumulative mean treatment DM yields in kg DM/ha for H1-H6 
Treatments Main plots Sub treatments +/0 N 
+N* 0N 
Control 29977 31258 28697 
Lime (L) 30213 31465 28962 
LPS 29785 32614 26957 
LS 29595 31834 27357 
PS 31233 33926 28541 
S 29652 32609 26694 
Grand mean 25862 27793 23932 
P (0.05) ns   *** 
LSD  3118.9 
Standard error  1532.8 
CV (%)  7.3 
* Urea N rate is the total of the applications 1-6 for the specific harvest mentioned earlier (813 kg urea/ha/yr) 
treatment rates are the same as mentioned in appendix 2a. 
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Appendix 3 Tables of ANOVA results for the mean %N in DM of H1-H6 
 
Table 3.a Mean %N concentrations of the DM at H1 on November 21, 2012 
Treatments Main plots Sub treatments +/0 N 
+N*  0N   
Control 2.9 2.8 2.9 
Lime (L) 2.7 2.6 2.8 
LPS 2.7 2.6 2.8 
LS 2.7 2.5 2.9 
PS 2.6 2.4 2.8 
S 2.8 2.7 2.9 
Grand mean 2.7 2.6 2.8 
P (0.05) ns  ***  
LSD  0.4 
Standard error  0.2 
CV (%)  7.8 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
Table 3.b Mean %N concentrations of the DM at H2 on January 7, 2013 
Treatments Main plots Sub treatments +/0 N 
+N*  0N   
Control 2.4 2.3 2.4 
Lime (L) 2.4 2.3 2.5 
LPS 2.5 2.4 2.6 
LS 2.6 2.4 2.8 
PS 2.2 2.1 2.3 
S 2.4 2.4 2.5 
Grand mean 2.4 2.3 2.5 
P (0.05) ns **  
LSD  0.3 
Standard error  0.1 
CV (%)  7.3 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
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Table 3.c Mean %N concentrations of the DM at H3 on February 24, 2013 
 Treatments Main plots Sub treatments +/0 N  
+N*  0N   
Control 2.6 2.5 2.7 
Lime (L) 2.7 2.7 2.6 
LPS 2.5 2.6 2.5 
LS 2.6 2.5 2.7 
PS 2.6 2.5 2.6 
S 2.6 2.6 2.6 
Grand mean 2.6 2.6 2.6 
P (0.05) ns ns 
LSD  0.3 
Standard error  0.1 
CV (%)  7.9 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
Table 3.d Mean %N concentrations of the DM at H4 on April 26, 2013 
Treatments Main plots Sub treatments +/0 N  
+N*  0N   
Control 2.9 3.1 2.8 
Lime (L) 3.0 3.1 2.9 
LPS 3.0 3.1 2.9 
LS 3.0 3.0 3.1 
PS 2.9 2.8 3.0 
S 2.9 3.0 3.0 
Grand mean 3.0 3.0 2.9 
P (0.05) ns   ns 
LSD  0.3 
Standard error  0.2 
CV (%)  7.9 
 * N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
Table 3.e Mean %N concentrations in the DM at H5 on September 26, 2013 
Treatments Main plots Sub treatments +/0 N  
+N  0N  
Control 2.7 2.8 2.6 
Lime (L) 2.8 2.7 2.8 
LPS 2.7 2.6 2.7 
LS 2.7 2.8 2.7 
PS 2.5 2.7 2.3 
S 2.7 2.7 2.7 
Grand mean 2.7 2.7 2.6 
P (0.05) ns  ns 
LSD  0.5 
Standard error  0.2 
CV (%)  12.0 
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Table 3.f Mean %N concentrations in the DM at H6 on November 29, 2013 
 Treatments Main plots Sub treatments +/0 N  
+N*  0N  
Control 2.3 2.3 2.4 
Lime (L) 2.4 2.4 2.3 
LPS 2.4 2.3 2.6 
LS 2.3 2.3 2.4 
PS 2.5 2.5 2.5 
S 2.4 2.3 2.5 
Grand mean 2.4 2.3 2.4 
P (0.05) ns  ns 
LSD  0.5 
Standard error  0.2 
CV (%)  14.8 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
Table 3.g Mean cumulative %N concentrations of the DM from H1-H6  
 Treatments Main plots  Sub treatments +/0 N  
+N* 0N 
Control 2.6 2.6 2.6 
Lime (L) 2.6 2.6 2.6 
LPS 2.6 2.5 2.7 
LS 2.6 2.5 2.7 
PS 2.5 2.5 2.5 
S 2.6 2.6 2.6 
Grand mean 2.6 2.5 2.6 
P (0.05) ns   **  
LSD  0.2 
Standard error  0.1 
CV (%)  4.1 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.g. 
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Appendix 4 Tables of ANOVA results for the mean N uptakes in DM of H1-H6 
 
Table 4.a Mean off-takes in kg N/ha in the DM yields for H1 on November 21, 2012 
Treatments Main plots  Sub treatments +/0 N 
+N* plots 0N plots 
Control 141 147 134 
Lime (L) 150 154 147 
LPS 146 155 136 
LS 140 146 134 
PS 144 153 135 
S 135 147 123 
Grand mean 143 151 135 
P(0.05) ns  *** 
LSD  14.1 
Standard error  6.9 
CV (%)  6.6 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
Table 4.b Mean uptakes of kg N/ha in the DM yields for H2 on January 7, 2013 
Treatments Main plots  Sub treatments +/0 N 
+N* plots 0N plots 
Control 138 141 135 
Lime (L) 138 145 132 
LPS 134 142 126 
LS 132 148 115 
PS 146 155 138 
S 139 145 132 
Grand mean 138 146 130 
P(0.05) ns *** 
LSD  18.8 
Standard error  9.2 
CV (%)  8.1 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
 
 
 
 
 
 
 
 
 
 
129 
 
Table 4.c Mean uptakes in kg N/ha in the DM yields for H3 on February 24, 2013 
Treatments Main plots Sub treatments +/0 N 
+N* plots 0N plots 
Control 106 108 104 
Lime (L) 104 109 100 
LPS 112 118 106 
LS 110 133 106 
PS 105 123 86 
S 106 119 93 
Grand mean 708 115 99 
P(0.05) ns  ***  
LSD  20.7 
Standard error  10.2 
CV (%)  12.7 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
Table 4.d Mean off-takes in kg N/ha by the DM yields for H4 on April 22, 2013 
Treatments Main plots Sub treatments +/0 N 
+N* plots 0N plots 
Control 107 112 101 
Lime (L) 107 109 105 
LPS 101 112 90 
LS 105 109 100 
PS 101 109 93 
S 107 118 97 
Grand mean 105 112 98 
P(0.05) ns  **  
LSD  21.3 
Standard error  10.4 
CV (%)  13.0 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
Table 4.e Mean off-takes in kg N/ha in the DM yields for H5 on September 26, 2013 
Treatments Main plots Sub treatments +/0 N 
+N* plots 0N plots 
Control 133 138 128 
Lime (L) 134 147 121 
LPS 133 143 122 
LS 134 137 131 
PS 143 142 145 
S 141 151 130 
Grand mean 136 143 129 
P(0.05) ns **  
LSD 24.0 
Standard error 11.8 
CV (%) 11.7 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
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Table 4.f Mean N removal in kg N/ha/yr in the DM yields for H6 on November 29, 2013 
Treatments Main plots Sub treatments +/0 N  
+N* plots 0N plots 
Control 143 149 138 
Lime (L) 141 147 134 
LPS 142 150 134 
LS 145 145 145 
PS 133 146 119 
S 138 152 125 
Grand mean 141 148 132 
P(0.05) ns  **  
LSD  18.6 
Standard error  9.1 
CV (%)  10.0 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
Table 4.g Cumulative mean N off-takes in kg N/ha in the DM yields for H1-H6  
Treatments Main plots Sub treatments +/0 N  
+N* plots 0N plots 
Control 768 796 740 
Lime (L) 774 810 738 
LPS 767 821 714 
LS 766 799 732 
PS 773 828 717 
S 765 831 699 
Grand mean 769 814 723 
P(0.05) ns  *** 
LSD 61.1 
Standard error 30.0 
CV (%) 5.0 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.g 
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Appendix 5 Tables of ANOVA results for the mean N fixed during H1-H6 
 
 
Table 5.a Average N fixed by lucerne in kg N/ha prior to H1 on November 21, 2012 
Treatments Main plots Sub treatments +/0 N  
+N* plots 0N plots 
Control 103 81 125 
Lime (L) 89 62 116 
LPS 89 62 116 
LS 92 68 115 
PS 93 68 118 
S 91 79 103 
Grand mean 93 70 116 
P(0.05) ns  ***  
LSD  29.4 
Standard error  14.3 
CV (%)  27.2 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
Table 5.b Average N fixed by lucerne in kg N/ha prior to H2 on January 7, 2013 
Treatments Main plots Sub treatments +/0 N  
+N* plots 0N plots 
Control 147 155 139 
Lime (L) 126 129 123 
LPS 139 138 141 
LS 130 136 123 
PS 145 158 133 
S 145 150 139 
Grand mean 139 144 133 
P(0.05) ns    ns  
LSD  26.7 
Standard error  13.1 
CV (%)  14.2 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
Table 5.c Average N fixed by lucerne in kg N/ha prior to H3 on February 24, 2013 
Treatments Main plots Sub treatments +/0 N  
+N plots 0N plots 
Control 97 102 92 
Lime (L) 91 100 82 
LPS 102 112 92 
LS 97 90 104 
PS 95 112 78 
S 103 119 86 
Grand mean 97 106 89 
P(0.05) ns    **  
LSD  29.7 
Standard error  14.6 
CV (%)  22.0 
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Table 5.d Average N fixed by lucerne in kg N/ha prior to H4 on April 26, 2013 
Treatments Main plots Sub treatments +/0 N  
+N* plots 0N plots 
Control 66 67 65 
Lime (L) 73 72 74 
LPS 63 55 70 
LS 73 59 87 
PS 73 72 73 
S 71 81 62 
Grand mean 70 68 72 
P(0.05) ns    ns  
LSD  28.3 
Standard error  13.9 
CV (%)  23.9 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
Table 5.e Average N fixed by lucerne in kg N/ha prior to H5 on September 29, 2013 
Treatments Main plots Sub treatments +/0 N  
+N* plots 0N plots 
Control 30a 0 (-17) 77 
Lime (L) 50a 22 78 
LPS 40a 16 64 
LS 48a 32 63 
PS 48a 7 90 
S 11b (-55) 78 
Grand mean 38 1 78 
P(0.05) **   *** 
LSD  31.4 
Standard error  15.4 
CV (%)  65.2 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
 
Table 5.f Average N fixed by lucerne in kg N/ha prior to H6 on November 29, 2013 
Treatments Main plots Sub treatments +/0 N  
+N* plots 0N plots 
Control 109 87 131 
Lime (L) 100 95 106 
LPS 115 104 126 
LS 119 108 130 
PS 103 114 92 
S 113 115 111 
Grand mean 111 104 116 
P(0.05) ns ns 
LSD  40.4 
Standard error  19.6 
CV (%)  32.2 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.a-f, H1-H6 
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Table 5.g Cumulative mean N fixed by lucerne in kg N/ha during H1-H6 
Treatments Main plots Sub treatments +/0 N  
+N* plots 0N plots 
Control 551 474 629 
Lime (L) 529 479 578 
LPS 548 486 609 
LS 558 493 624 
PS 557 531 584 
S 534 590 578 
Grand mean 546 492 600 
P(0.05) ns *** 
LSD  92.8 
Standard error  45.6 
CV (%)  12.9 
* N, lime and fertiliser rates were the same as mentioned in Appendices 2.g 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


136 
 
Fig. 6.c Weekly mean percentage light interceptance during the project period from 27 January to 29 November 2013. The subplots in combination 
with the growth seasons had a profound effects (P<0.001) on the amounts of light received by the lucerne stand throughout the experimental period. 
The +N subplots intercepted more sun lights than 0N plots. The overall mean light interceptance was ranging at 63-96% during the experimental 
period.
137 
 
References 
 
Andrews, M., Scholefield, D., Abberton, M. T., McKenzie, B. A., Hodge, S., & Raven, J. A. 
(2007). Use of white clover as an alternative to nitrogen fertiliser for dairy pastures in 
nitrate vulnerable zones in the UK: productivity, environmental impact and economic 
considerations. Association of Applied Biologists, 151(2007) 11-23. 
Askin, D. C. (1990). Pasture establishment. In: R. H. M. Langer (Eds.). Pastures: their ecology 
and management (pp. 132-156). Auckland: Oxford University Press. 
Avery, D., Avery, F., Ogle, G. I., Wills, B. J. & Moot, D. J. (2008). Adapting farm systems to a 
                        drier future. Proceedings of the New Zealand Grassland Association, 70(2008) 13–18. 
Berks, H. (1955). Memoir no. 1. Lucerne investigations. Proceedings of the UK Grassland 
Research Institute, (1955) 1944-1953. 
Black, A. D. (2004). A comparison of Caucasian and white clovers in temperate pastures. A 
thesis submitted for a degree of Doctor of Philosophy, Lincoln University New Zealand. 
Retrieved on September, 2, 2013, from  http://researcharchive.lincoln.ac.nz/handle/1018 
2/1698.    
Blakemore, L. C., Searle, P. L. & Daly, B. K. (1987). Method of chemical analysis of soils. NZ 
Soil Bureau Scientific Report 80, pp. 103. 
Bolan, N. S., Rowarth, J., Mora, M. L, Adriano, D. & Curtin, D. (2008). Biological 
transformation and bioavailability of nutrient elements in acid soils as affected by liming. 
In: R. Naidu (Eds.). The development in soil science. Elsevier, 32(2008) 413-446. 
Bolland, M. D. A. & Russell, W. K. (2010). Changes in chemical properties of 48 intensively 
grazed, rain-fed dairy paddocks on sandy soils over 11 years of liming in south-western 
Australia. Australian Journal of Soil Research, 48(2010) 682–692. 
138 
 
Brady, N. C. & Weil, R. R. (1999). The Nature and Properties of Soils (12th Ed.). Prentice-Hall 
Inc., New Jersey. pp. 439-530. 
Brady, N. C & Weil, R. R. (2000). Elements of the Nature and Properties of Soils.  
     Prentice Hall Inc. New Jersey. pp. 322-421. 
Brown, C. D. & Green, R. B. (2003). The challenges facing legumes in a dryland environment -a 
consultant's view. Legumes for Dryland Pastures. Grassland Research and 
            Practice Series, (2003) 13 -18. 
Brown, H. E., & Moot, D. J. (2004). Quality and quantity of chicory, lucerne, and red clover 
production under irrigation. Proceeding of the New Zealand Grasslands association, 
66(2004) 257-264. 
Brown, H. E., Moot, D. J., Pollock, K. M., & Inch, C. (2000). Dry matter production of irrigated 
chicory, lucerne and red clover in Canterbury. Paper presented at the Proceedings of the 
Thirteenth Annual Conference, Agronomy Society of New Zealand, Palmerston North, 
New Zealand, 2000. 
Brown,  H. E., Moot, D. J. & Pollock, K. M. (2005). Herbage production, persistence, nutritive 
characteristics and water use of perennial forages grown over 6 years on a wakanui silt 
loam. New Zealand Journal of Agricultural Research, 48(2005) 423-439. 
Brown, H. E., Moot, D. J. & Teixeira, E. I. (2006). Radiation use efficiency and biomass 
partitioning of lucerne (Medicago sativa) in a temperate climate. European Journal of 
Agronomy, 25(2006) 319-327. 
Cameron, K. C. (1992). Nitrogen in soil. Encyclopaedia of Earth System Science, 3(1992) 307-
310.  
139 
 
Cameron, K. (1999). Nitrogen-What is appropriate use? Paper presented at South Island Dairy 
Event (SIDE) Conference, Christchurch, 5-7 July, (1999) 97-105. 
Cameron, K. C. & Condron, L. M. (1996). Fertiliser, lime mineral and soils. In: P. H. Fleming 
(Eds.). Farm technical manual. Department of Farm and Horticulture Management. 
Lincoln University, New Zealand, Section 5: E1-E50.  
Cameron, K., Di, H. J. Moir, J. Christie, R. & Pellow, R. (2005). Using nitrogen: What is best 
practice? South Island Dairy Event (SIDE) Proceedings, Lincoln University, June (2005) 
1-17. 
Cameron, K. C, Di, H. J. & Moir, J. L. (2013). Nitrogen losses from the soil plant system: a 
review. Annals of Applied Biologists 162(2013) 145-173.  
Curtin, D. & Syers, J. K. (2001). Lime-induced changes and indicies of soil phosphate 
availabilty. Soil Science Society Am. Journal, 65(2001) 147-152.  
Cuttle, S., Shepherd, M., & Goodlass, G. (2003). A review of leguminous fertility-building crops, 
with particular reference to nitrogen fixation and utilisation: Written as part of Defra 
Project OF0316: The development of improved guidance on the use of fertility-building 
crops in organic farming. p. 24. Retrieved on June 29, 2012, from 
http://www.organicadvice.org.uk/soil_ papers/leguminous_fert.pdf. 
Dewhurst, R. J., Delaby, L., Moloney, A., Boland, T. & Lewis, E. (2009). Nutritive value of 
forage legumes used for grazing and silage. Irish Journal of Agricultural and Food 
Research, 48(2) 167-187. 
Douglas, M. H., Brash, D. W., Barattj, B. I. P. & Keoghanj, J. M. (1987.) Successful lucerne 
growing in inland Otago. Proceedings of the New Zealand Grassland Association, 
48(1987) 193-197. 
140 
 
Douglas, J. A. (1986). The production and utilization of lucerne in New Zealand: Review paper. 
Grass and Forage Science, 41(1986) 81-128. 
DPI Victoria. (2012, May 29). Maintaining competitive, productive and sustainable farm 
businesses: Phosphorous for sheep and beef pastures. Department of Primary Industries, 
Victoria, Australia. Retrieved on September 29, 2012, from http://www.dpi.vic.gov.au 
/agriculture/dairy/pastures-management/dry-matter-content-of-conserved-forages-
representative-sampling/phosphorus-sheep-and-beef. 
Dunbier, M. W., Wynn-Williams, R. B. & Burnett, P. A. (1982). Lucerne in the 70s. In: R. B. 
Wynn-Williams (Eds.). Lucerne for the 80s: Agronomy Society of New Zealand: Special 
Publication No. 1. Agronomy Society of New Zealand Inc. pp. 3-7. 
Edmeades, G. O., Fischer, R. A.  & Byerlee, D. (2010). Can we feed the world in 2050? 
Proceedings of the New Zealand Grassland Association, 72(2010) xxxv-xxvii. 
Evans, P. S. (1977). Root distribution and water-withdrawal patterns of some crops and 
pasture species. Proceedings of Soil and Plant Water Symposium, 126(173) 186-190. 
Fitzgerald, P. D., Knight, T. L., Janson, C.G. (1977). Lucerne irrigation on light soils. New 
Zealand Journal of Experimental Agriculture, 5(1977) 23-27. 
Fernández, F. G. & Hoeft, R. G. (2009). Managing Soil pH. Illinois Agronomy Handbook, 
Chapter 8. Retrieved on October 9, 2012, from http://extension.cropsci.illinois.edu/ 
handbook/pdfs/chapter08.pdf. 
Folland, C, Salinger, M, Jiang, N. & Rayner, N. (2003). Trends and variations in South Pacific 
Islands and ocean surface temperatures. Journal of Climate, 16(2003) 2859-2874. 
141 
 
Gillingham, A. G., Morton J. D. & Gray, M. H. (2003a). The role of differential fertiliser 
application in sustainable management of hill pastures. Proceedings of the New Zealand 
Grassland Association, 6(2003) 253–257.  
Gillingham, A. G., Sheath, G. W., Gray, M. H., & Webby, R. W. (2003b). Management and 
nitrogen fertiliser options for increased pasture productivity in dryland hill systems. In: 
D. J. Moot (Eds.). Legumes for dryland pastures. Proceedings of New Zealand Grassland 
Association (Inc.). Symposium held at Lincoln University, 18-19 November, 2003. 
Grassland Research and Practice Series No. 11.  pp.  201-209. 
Grant, C., Bittman, S., Montreal, M., Plenchette, C. & Morel, C. (2004). Soil and fertiliser 
phosphorus: Effects on plant P supply and mycorrhizal development. Can. J. Plant 
Science, 111(69) 225-151. 
Haneklaus, S., Bloem, E. & Schnug, E. (2007). Sulphur interactions in crop ecosystems. In: M. J. 
Hawkesford and L. J. De Kok (Eds.). Sulphur in plants and ecological perspective. 
Springer, Netherlands. pp. 17-58. 
Haynes, R. J. & Williams, P. H. (1993). Nutrient cycling and soil fertility in the grazed pasture 
ecosystems. Advances in Agronomy, 49(1993) 120-199. 
Hell, R. & Kruse, C. (2007). Sulfur in biotic interactions of plants. In: M. J. Hawkesford and L. 
J. De Kok (Eds.). Sulphur in plants and ecological perspective. Springer, Netherlands. 
pp. 197-224. 
Howarth, R. E., Chaplin, R. K., Cheng, K. J., Goplen, B. P., Hall, J. W., Hironaka, R., . . . 
Radostits, O. M. (1991). Bloat in cattle. Ottawa, Ontario & Canada Communications 
Branch, Agriculture Canada. 
Hussain, Z. (1978).  Alfalfa cultivation in Saudi Arabia. World Crops, 30(1978), 260-246. 
142 
 
Irwin,  J. A. G., Lloyd, D. L. & Lowe,  K. F. (2001). Lucerne biology and genetic improvement - 
an analysis of past activities and future goals in Australia. Australian Journal of 
Agricultural Research, 52(2001) 699-712. 
Janson, C. G.  (1982). Lucerne grazing management research. In: R. B. Wynn-Williams (Eds.). 
Lucerne for the 80s: Agronomy Society of New Zealand: Special Publication No. 1. 
Agronomy Society of New Zealand Inc. pp. 85-90. 
Kadziuliene, Z. & Kadziulis, L. (2007). Nitrogen accumulation and efficiency depending on 
legume species in grassland sward. BIOLOGIA, 18(1) 54-59. 
Karlovsky, J. (1975). How much phosphate do we really need? New Zealand Journal of 
Agricultural Science, 9(1775)  149-153. 
Keeney, D. R. & Bremner, J. M. (1966). Comparison and evaluation of laboratory methods 
obtaining an index of soil nitrogen availability. Agronomy Journal, 58(1966) 498–503. 
Khumalo, Q. (2012). Lucerne (Medicago sativa L.) establishment after inoculation with 
             different carriers of Ensifer meliloti sown on five dates at Lincoln University. A thesis 
submitted in partial fulfilment of the requirements for the Degree of Master of Science. 
Lincoln University, New Zealand. Retrieved on July 2, 2012, from http://researcharchive. 
lincoln.ac.nz/bitstream/10182/4395/3/Khumalo_msc.pdf.  
Kerr, J. P., McPherson, H. G., Talbot, J. S. (1973). Comparative evapotranspiration rates of 
lucerne, paspalum and maize. Proceedings of the First Australasian Conference on 
Heat and Mass Transfer, 3(1973) 1-8. 
Langer, R. H. M. (1973). Lucerne. In: R. H. M. Langer (Eds.). Pasters and pasture plants. A. H. 
& A. W. Reed Ltd, Wellington, New Zealand. pp. 160-178. 
143 
 
Langer, R. H. M. (1990). Pasture plants. In: R. H. M. Langer (Eds.).Pastures: there ecology and 
management. Oxford University Press, Auckland, pp. 39-74. 
Lanyon, L. E. and Griffith, W. K. (1988). Nutrition and fertiliser use. In: A. A. Hanson, D. K. 
Barnes & R. R. Hill (Eds.). Alfalfa and alfalfa improvement, Agronomy series No. 29. 
Soil science Society of American Inc. USA. pp. 334-364. 
La Paz, J. V. (2011). Bolivia enriches natural world’s rights with equal status for mother earth: 
Equal statues for mother earth in Bolivia. Guardian News & Media, April 10, 2011. 
Lucas, R. J., Smith, M. C., Jarvis, P., Mills, A. and Moot D. J. (2010). Nitrogen fixation by 
subterranean and white clovers in dryland cocksfoot pastures. Proceedings of New 
Zealand Grassland Association, 72(2010) 141-146.   
McKenzie, R. H. (2003). Soil pH and Plant Nutrients. Agric-Facts, Practical Information  
        for Alberta’s Agriculture Industry, Alberta Agriculture, Food and Rural  
        Development, Agdex, 531-4, May: pp. 1-2.  
McKenzie, J. S., Paquin, R. & Duke, S. H. (1988). Cold and heat tolerant. In: A. A. Hanson, D. 
K. Barnes & R. R. Hill (Eds.). Alfalfa and alfalfa improvement. Agronomy series No. 29. 
Soil science Society of American Inc. USA. pp. 260-292. 
McLaren, R. G. and Cameron, K. C. (1996). Soil Science. Sustainable production and  
           environmental protection (2nd Ed.). Oxford University Press, UK. pp. 151-180. 
McNaught, K. J. &  Christoffels, P.  J. E. (1960). Effect of Sulphur deficiency on sulphur and 
nitrogen levels in pasture and lucerne. New Zealand Journal of Agriculutre Research, 
4(1960) 177-196. 
Mengel, K., Kirkby, E., Kosegarten, H. & Appel, T. (2001). Principles of plant nutrition. Kluwer 
Academic Publishers, The Netherlands. pp. 453-479.  
144 
 
Mills, A. (2007). Understanding constraints to cocksfoot (Dactylis glomerata L.) based pasture 
production. A thesis submitted for a degree of Doctor of Philosophy, Lincoln University 
New Zealand. Retrieved on October 12, 2014, from http://researcharchive. lincoln.ac.nz 
/bitstream/10182/32/5/mills _phd.pdf.   
Mills, A., & Moot, D. J. (2010). Annual dry matter, metabolisable energy and nitrogen yields of 
six dryland pastures six and seven years after establishment. Proceedings of the New 
Zealand Grassland Association, 72(2010) 177-184. 
Moir, J. L. Cameron, K. C. & Di, H. J. (2007). Effects of the nitrification inhibitor 
dicyandiamide on soil mineral N, pasture yield, nutrient uptake and pasture quality in a 
grazed pasture system. Soil Use and Management, 23(2007) 111–120. 
Moir, J. L. & Moot, D. J. (2010). Soil pH, exchangeable aluminium and lucerne yield responses 
to lime in a South Island high country soil. Proceedings of the New Zealand Grassland 
Association, 72(2010) 191-196. 
Moot, D. J. (2009). Review of Lucerne in New Zealand. New Zealand Farm Environment Trust 
and Ministry of Agriculture and Fisheries. 
Moot, D. J. (2014). A review of recent research and extension on dryland lucerne in New 
Zealand.  Proceedings of the New Zealand Society of Animal Production, 74(2014) 86-
93. 
Moot, D. J., Brown, H. E., Pollock, K. & Mills, A. (2008). Yield and water use of temperate 
pastures in summer dry environments. Proceedings of the New Zealand Grassland 
Association, 70(2008) 51-57. 
Moot, D. J, Brown, H. E, Teixeira, E. I. & Pollock, K. M. (2003). Crop growth and development 
affect seasonal priorities for lucerne management. In: D. J. Moot (Eds.). Legumes for 
145 
 
dryland pastures. Proceedings of New Zealand Grassland Association (Inc.). Symposium 
held at Lincoln University, 18-19 November, 2003. Grassland Research and Practice 
Series No. 11.  pp.  201-209. 
Moot, D., Mills, A., Lucas, D. & Scott, W. (2009). Country pasture/forage resource profiles. 
FAO. pp. 5-55. Retrieved on June 17, 2012, from http://www.fao.org  /ag/ 
AGP/AGPC/doc/Counprof/newzealand/newzealand2.htm. 
Muller, M. H., Prosperi, J. M., Santoni, S. & Ronfort, J. (2003). Inferences from mitochondrial 
DNA patterns on the domestication history of alfalfa (Medicago sativa). Molecular 
Ecology, 12(2003) 2187-2199. 
Musgrave, D. J. (1982). Lucerne establishment-oversowing and overdrilling. In: R. B. Wynn-
Williams (Eds.). Lucerne for the 80s: Agronomy Society of New Zealand: Special 
Publication No. 1. Agronomy Society of New Zealand Inc. pp. 21-31. 
Nguyen, M. L. &. Goh, K. M. (1994). Sulphur cycling and its implications on sulphur fertiliser 
requirements of grazed grassland ecosystems. Agriculture, Ecosystems and Environment, 
49(1994) 173-206. 
O'Connor, K. F. (1967). Lucerne-grass associations under different sowing and defoliation 
systems. In: R. H. M.  Langer & A. W. Reed (Eds.). The lucerne crop. Wellington, New 
Zealand. pp. 163-176. 
Olsen, S. R., Cole, C. V., Watanabe, F. S. & Dean, L. A. (1954). Estimation of available 
phosphorus in soils by extracting it with sodium bicarbonate. USDA, p. 19.  
Pangborn, J. (2010). Financial budget manual. Lincoln University, NZ. 
146 
 
Parfitt, R. L., Baisden, W. T., & Elliott, A. H. (2008). Phosphorus input and output for New 
Zealand in 2001 at national and regional scales. Journal of Royal Society of New Zealand, 
38(1) 37-50.   
Phillips, D. A. (1980). Efficiency of symbiotic nitrogen-fixation in legumes. Annual Review of 
Plant Physiology and Plant Molecular Biology, 31(1980) 29-49. 
ravensdown.co.nz. (August 25, 2005). http://www.ravensdown.co.nz/nz/products/pages/fertiliser/                                         
default.aspx? k=IsDocument:1&r=ProductGroup%3d"arable-and-pastoral. 
Rice, W. A., Penney, D. C. & Nyborg, M. (1977). Effects of soil acidity on rhiozobia numbers, 
nodulation and nitrogen fixation by alfalfa and red clover. Can. J. Soil Science, 57(1977) 
197- 203. 
Russelle, M. P., Lamb, J. F. S., Turyk, N. B., Shaw, B. H. and Pearson, B. (2007). Managing 
nitrogen contaminated soils: Benefits of N2 fixing alfalfa. Agronomy Journal, 99(2007) 
738-746.  
Salinger, J. (2003). Climate reality - actual and expected. Legumes for dryland pastures. 
             Grassland Research and Practice Series, 11(2003) 13-18. 
Scott, D. (2003). Dryland legumes: perspectives and problems. In: D. J. Moot (Eds.). Legumes 
for dryland pastures. Proceedings of New Zealand Grassland Association (Inc.). 
Symposium held at Lincoln University, 18-19 November, 2003. Grassland Research and 
Practice Series No. 11.  pp.  27-36. 
Scott, W. R. (1973). Pasture plant nutrition and nutrient cycling. In: R. H. M. Langer (Eds.). 
Pasters and pasture plants. A. H. & A. W. Reed Ltd, Wellington, New Zealand. pp. 160-
178. 
147 
 
Searle, P. L. (1979). Measurement of absorbed sulphate in soils-effects of varying soil extract 
ratios and methods of measurements. New Zealand Journal of Agricultural Research, 
22(287-298).  
Simpson, J. R. (1976). Transfer of nitrogen from three pasture legumes under periodic 
defoliation in a field environment. Animal Production Science, 16(83) 863-870. 
Steele, K. W., Bonish, P. M., Daniel, R. M. & O’Hara, G. W. (1983). Effect of rhizobial strain 
and host plant on nitrogen isotopic fractionation in legumes. Plant Physiology, 72(1001-
1004).  
Taraken, I.T. 2011 (in press). Improving soil fertility under the natural grass fallow using 
legumes. Paper presented at June 2011 PNG Science and Technology Conference, 
University of Natural Resources and Environment. pp 1-12. 
Taraken, I. T. (2012). Potential of composted mounding in sustaining soil productivity and sweet 
potato yields in the Papua New Guinea highlands. The Journal of Pacific Studies, 
32(2012) 147–161. Retrieved on April 12, 2013, from http://www.usp.ac.fj /fileadmin 
/files/Institutes/jps/PDF/Vol32/Article_13__Isaac_T._Taraken.pdf. 
Thiagalingam, K. (2003). Australian contribution to national agricultural research systems in 
(ACNARS) PNG:  Refresher training course in soil science. ACNARS Training Manual.  
pp. 1-65. 
Thom, E. R., & Smith, G. S. (1980). Effects of stage of growth and season on the major element 
composition of the aerial parts of lucerne (Medicago sativa L.). Proceedings of 
Agronomy Society of New Zealand, 10(1980) 23-26. 
148 
 
Thomson, B. R. & Stevens, D. R. (2011). Pasture and tussock responses to a single application of 
nitrogen or full development process for drier hill country over two years. Proceedings of 
the New Zealand Grassland Association, 73(2011) 27-30. 
Unkovich, M., Herridge, D., Peoples, M., Cadisch, G., Boddey, B., Giller, K., Alves, B. & 
Chalk, P. (2008). Measuring plant-associated nitrogen fixation in agricultural systems. 
Australian Government, Australian Centre for International Agricultural Research, 
ACIAR Monograph No. 136. pp. 1-258.  
Upritchard, E. A. (1985). A guide to the identification of New Zealand common weeds in colour. 
New Zealand Weed and Pests Control Society Inc. New Zealand. pp. 1-127. 
Valentine & Mathew, C. (1999). The plant growth, development and yield. In: J. G. H White & 
J. Hodgson (Eds.). New Zealand pastures and crop science. Oxford University Press, 
Auckland, New Zealand. pp. 11-27. 
Vance, C. P. & Graham, P. H. (1995). Nitrogen fixation in agriculture: Application and 
perspectives. In: I. A. Tikhonovich, N. A. Provorov, V. I. Romanov and W. E. Newton 
(Eds.). Current plant science and biotechnology agriculture: Nitrogen fixation 
fundamentals and applications. Proceedings of the 10th International Congress on 
nitrogen fixation, St. Petersburg, May 28-June 3, 1995, Volume 27. Kluwer Academic 
Publishers. The Netherlands. pp. 77-86.   
Van Kammen, A.  (1995). The molecular development of nitrogen fixing root nodules. In: I. A. 
Tikhonovich, N. A. Provorov, V. I. Romanov and W. E. Newton (Eds.). Current plant 
science and biotechnology agriculture: Nitrogen fixation fundamentals and applications. 
Proceedings of the 10th International Congress on nitrogen fixation, St. Petersburg, May 
28-June 3, 1995, Volume 27. Kluwer Academic Publishers. The Netherlands. pp. 9-14.   
149 
 
Waring, S. A. & Bremner, J. M. (1964). Ammonium production in soil under waterlogged 
conditions as an index of nitrogen availability. Nature, 201(1964) 951-952. 
White, J. G. H. (1982). Lucerne grazing management for the 80’s. In: Wynn-Williams (Eds.). 
Lucerne for the 80's, Special Publication 1 (Vol. 1, pp. 111 - 116). Palmerston North, 
New Zealand: Agronomy Sociecty of New Zealand (Inc.). 
White, J. G. H. (1999). The farmlands of New Zealand. In: J. G. H White & J. Hodgson (Eds.). 
New Zealand pasture and crop science. Oxford University Press, Auckland, New 
Zealand. pp. 1-10. 
Wigley, K. (2011). Lucerne (Medicago Sativa L.) establishment after inoculation with different 
carriers of Ensifer meliloti on five sowing dates. A dissertation submitted in partial 
fulfilment of the requirement for the Degree of Bachelor of Agricultural Science with 
Honours at Lincoln University. Retrieved on July 12, 2012, from https://researcharchive. 
lincoln.ac.nz/bitstream/10182/4358/3/Wigley_bagsc.pdf.  
Williams, G. R. (1973). The Natural History of New Zealand. Wellington: A.H. & A.W. Reed 
Ltd. 
Wynn-Williams, R. B. (1982). Lucerne establishment-conventional. In: R. B. Wynn-Williams 
(Eds.). Lucerne for the 80s: Agronomy Society of New Zealand: Special Publication No. 
1. Agronomy Society of New Zealand Inc. pp. 11-19. 
 
Unpublished data 
 
Black, D. (2013, unpub.). Sampling protocals for 15N natural abundance, draft 1. Lincoln 
University, NZ. 
150 
 
Broaderfields Metrological Centre. (2012, unpub.). Long term weather data from 1960-2012, 
Lincoln, NZ. 
LU FSC. (2013, unpub). Short term weather data from September 2012-November 2013. 
Lincoln, NZ. 
 
Personal communications 
 
S. Berenji, personal communication, July 12, 2014 
D. Black, personal communication, September 15, 2014 
D. Black, personal communication, October 3, 2014 
K. Cameron, personal communication, October 13, 20144 
A. Mills, personal communication, October 17, 2014 
J. L. Moir, personal communication, September 3, 2012 
J. L. Moir, personal communication, February 2, 2013 
J. L. Moir, personal communication, August 29, 2014 
J. L. Moir, personal communication, October 10, 2014 
D. Moot, personal communication, September 10, 2014 
D. Moot, personal communication, September 11, 2014 
D. Moot, personal communication, September 27, 2014 
D. Moot, personal communication, October 9, 2014 
D. Moot, personal communication, October 12, 2014 
D. Moot, personal communication, October 20, 2014 
 
 
 
